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SUMMARY 
Ion channels are proteins with holes down their middle that regulate access to 
biological cells and are responsible for an enormous range of biological functions. A 
substantial fraction of the drugs used in clinical medicine are targeted directly or 
indirectly on channels. Ion selectivity and permeation are based on simple laws of 
physics and chemistry. Ion channels are therefore ideal candidates for physical 
investigation.   
A reduced model generates the selectivity of voltage-gated L-type calcium 
channel (crystal structure not known) under a wide range of ionic conditions using only 
two parameters with unchanging values. The reasons behind the success of this reduced 
model are investigated since chemical intuition suggests that more detailed models are 
needed. Monte Carlo simulations are performed investigating the role of flexibility of the 
side chains in the selectivity of calcium channels under a wide range of ionic conditions. 
Results suggest that the exact location and mobility of oxygen ions have little effect on 
the selectivity behavior of calcium channels. The first order determinant of selectivity in 
calcium channels is the density of charge in the selectivity filter.  Flexibility seems a 
second order determinant.  
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SUMMARY (CONTINUED) 
Single channel planar lipid bilayer experiments are performed to determine the 
selectivity, permeation, and sialic acid specificity of a bacterial outer-membrane channel 
NanC of Escherichia Coli with a known crystal structure. Measurements show that NanC 
exhibits a large unit conductance varying with the applied voltage polarity, anion over 
cation selectivity, and voltage-dependent gating. Unitary conductance of NanC decreases 
significantly in presence of the buffer HEPES. Alternate buffers are tested. Results 
suggest that the sialic acid specificity of NanC should be performed in low concentration 
salt solutions (250 mM) without pH buffers adjusted to neutral pH 7.0. Neu5Ac (a major 
sialic acid) is observed to change the gating and considerably increase the ionic 
conductance of NanC. The effect of Neu5Ac on the unitary current through NanC 
saturates at higher Neu5Ac concentrations. Interestingly, Neu5Ac reduces the ionic 
conductance of OmpF: frequent, long closures are seen. Therefore, in E.coli sialic acid 
translocation is specifically facilitated by NanC, and not by the general porin OmpF. 
 
 
1 
 
 
CHAPTER 1. INTRODUCTION 
1.1. Background 
Cells are the functional and structural unit of all living organisms. The interior of 
a cell is isolated from the external environment by the plasma membrane. The cell 
membrane serves variety of functions; these include homeostasis, transport, 
communication and excitability. The cell membrane is selectively permeable, permitting 
the free passage of some materials and restricting the passage of others, thus regulating 
the passage of materials into and out of the cell. In the membrane there exist specialized 
pathways which allow the transport of ions (for example, Na
+
, K
+
, Cl
-
 and Ca
2+
) into the 
cell. These are water filled pores known as ion channels (1, 2). Ion channels selectively 
conduct ions across an otherwise impermeable cell membrane. The transport of ions 
through these proteins is facilitated by the ionic concentration gradient maintained by the 
pumps and other ATPases also present in the cell membrane.  
Ion channels are critical for normal physiological functions such as nerve and 
muscle excitation, hormonal secretion, learning and memory, cell proliferation, sensory 
transduction, the control of water and salt balance and the regulation of blood pressure (3, 
4). Any  defect  in their normal function can lead to medical conditions categorized as 
“channelopathies” (5).  For example, mutations in the gene encoding the α-subunit of the 
human skeletal muscle Na
+
 channel gives rise to a group of diseases known collectively 
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as the periodic paralyses, while mutations in the cardiac muscle Na
+
 channel gene result 
in long QT syndrome. Cystic fibrosis results from the complete absence of or dramatic 
reduction in, the epithelial Cl
- 
conductance, as a consequence of mutations in CFTR 
(cystic fibrosis transmembrane conductance regulator). Thus, defects in ion channel 
functions have profound physiological effects. In order to understand how these defects 
cause diseases and find an appropriate cure, we need to investigate in detail the 
biophysical properties of ion channels.  
The three main biophysical properties defining function of ion channels are 
selectivity, permeation and gating. Selectivity determines the ion specificity of the ion 
channel, permeation defines the conductance or the current (I)–voltage (V) relation and 
gating describes the opening and closing of the ion channels.  
In order to describe these properties, some knowledge of the structure of the ion 
channel is required. These integral membrane proteins are extremely small in size (pore 
diameter ~ 7-10 Å) and are often difficult to crystallize because these proteins require 
detergent or other means to solubilize them in isolation and such detergents interfere with 
the crystallization process. The crystal structures for the Ca
2+
 and Na
+
 channels are still 
not known. 
 However, there are alternate approaches which are adopted to understand the 
structure-function characteristics. In order to explain selectivity of the channel, the amino 
acids that form the selectivity filter (from the primary sequences) are identified by 
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performing site-directed mutagenesis. This approach has been successful in determining 
the amino acids that form selectivity filter of the voltage-gated L-type Ca
2+
 (6-9) channel 
found in cardiac muscle cells and the DEKA Na
+ 
channel (10, 11) found in nerve cells.  
The functional properties of ion channels namely selectivity and permeation must 
be based on basic principles of physics and chemistry. Selectivity is a phenomenon that 
describes the chemical interaction of an ion at a particular reactive site of the protein. 
Permeation on the other hand describes the current-voltage relation through the channel 
of interest. Selectivity and permeation are often intertwined while performing 
experimental measurements of these phenomena. Gating is a property of an ion channel 
to open or close and therefore, can be separated from selectivity and permeation.  
Selectivity of ion channels has been a central issue in the study of cells and tissues 
at least since Hodgkin, Huxley, and Katz discovered the role of Na
+
 and K
+
 currents in 
the action potential (12-14).  The L-type Ca
2+ 
channels play an important physiological 
role in skeletal, cardiac and smooth muscle, endocrine cells and other tissues. These 
channels open when the cell membrane depolarizes allowing Ca
2+
 ions to enter the 
cytosol. The entry of Ca
2+
 ions in the cytosol is sensed by the Ryanodine Receptor (RyR) 
present in the SR (intracellular Ca
2+
 storage organelle) membrane which opens and 
releases a huge amount of Ca
2+
 in the cytosol, resulting in muscle contraction. The L-type 
Ca
2+
 channel therefore, plays a crucial physiological role in the excitation-contraction 
coupling of muscles. These channels are highly selective for Ca
2+
 and have been studied 
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in great detail (15-22).  Few channels are more important than the calcium channel 
because calcium concentration inside cells is used as a signal in almost every tissue of an 
animal. Thus, the mechanism of selectivity has been studied for a long time. However, 
the unavailability of crystal structure for these channels has always been the bottleneck. 
Mutagenesis experiments of these channels (20) indicate that only a few amino 
acids that form the selectivity filter, actually contribute to their ion selectivity. A quick 
literature survey indicates that selectivity of ion channels is interpreted in a variety of 
ways, ranging from structural discussions of selectivity (23-37) to scaling models (38), 
kinetic models (4, 39) and electrostatic models (40-43). However, all these different 
interpretations of selectivity fail to reproduce experimental measurements over a wide 
range of conditions.  
On the contrary, reduced models or oversimplified models using only physical 
variables, which include the radius of the pore (R) and the dielectric constant of the 
protein (εp), are successful in explaining the mechanisms that govern selectivity of the L-
type Ca
2+
, Na
+
 channels and also their mutations (44-49).  It has come as a surprise that a 
model of selectivity that includes only a few features of the atomic structure has been 
able to describe the selectivity properties of calcium and sodium channels very well, in 
all solutions over a wide range of conditions, with only two adjustable parameters using 
crystal radii of ions. 
5 
 
 
 
In these reduced models, channel protein is represented as a cylinder and the 
crucial side chains as spherical charges free to move within the central region of the 
selectivity filter which is in equilibrium with surrounding bathing solutions containing 
spherical ions in a dielectric region. Ion radii are Pauling crystal radii (50) taken from the 
literature of physical chemistry and are never adjusted. The Monte Carlo simulations in 
these reduced models produce the distribution of ions and side chains that minimizes the 
free energy of the system. The structure of the overall selectivity filter is the mean 
location of the side chains and the permeating ions. The rest of the protein (assumed to be 
“unimportant” in this simplified model) is treated as a fixed structure. Water is not 
present as molecules in this calculation. It is represented as a dielectric, as is the protein. 
Ion selectivity is therefore understood by building a reduced description of the structure 
of the channel such that the selective properties are outputs of the model that arise from 
the balance between electrostatic and steric forces in the confined space of the channel 
(29, 30, 32, 33, 35, 37, 40). 
Reduced models dealt quantitatively with many properties of other channels 
including the RyR (51-54) and bacterial channel OmpF (Outer membrane protein F) 
porin (55, 56) by calculating the current – voltage curves over a wide range of ionic 
conditions. In RyR, such models successfully predicted an anomalous mole fraction 
effect (a signature phenomenon of Ca
2+
 channels observed in mole fraction experiments 
where conductance is measured in mixture of two species, as their relative amounts i.e. 
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mole fractions vary, indicated by a minimum even before it was measured (52, 54). These 
models also explained RyR mutations that reduced the structural charge density (of side 
chains with permanent charge) from 13 M to zero (51). Similar models also produced a 
successful plan for the conversion of a nonselective bacterial channel OmpF porin into a 
decent Ca
2+
 channel (55-57).  
In this work, the factors that account for success of the reduced model of 
equilibrium binding selectivity of the Ca
2+
 channels are investigated. Monte Carlo 
simulations of this reduced model indicate the role of flexibility and confinement of side 
chains under a variety of ionic conditions. These simulations determine the structural 
relations that the reduced model calculates accurately and therefore, predicts selective 
properties of these channels in agreement with the experiments.  
The model of selectivity is actually an induced fit model, in which the structure of 
the binding site is induced by all the forces in the system, depending on the ion 
concentrations in the bath, and the other parameters of the problem. The fit of the side 
chains to the ions is induced by the minimization of the free energies of the system. The 
model is in fact, a self-organized model where the only energies that determine the 
structure are electrostatic and excluded volume. No energies with a more chemical flavor 
are incorporated in the present version of the model. Monte Carlo simulations are 
particularly well suited to compute induced fit, self-organized structures because the 
simulations yield an ensemble of structures near their free energy minimum. The exact 
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location and mobility of oxygen ions have little effect on the selectivity behavior of 
calcium channels. Seemingly, nature has chosen a robust mechanism to control 
selectivity in calcium channels: the first order determinant of selectivity is the density of 
charge in the selectivity filter. The density is determined by filter volume along with the 
charge and excluded volume of structural ions confined within it. Flexibility seems a 
second order determinant.  
 Besides numerical simulations, single channel planar lipid bilayer experiments 
are carried out for investigating the biophysical (ion selectivity, permeation, and gating) 
and biological role of a bacterial outer membrane sialic acid specific porin NanC (N-
acetylneuraminic acid inducible Channel) with a known high resolution crystal structure 
(58).  
Porins act as molecular filters in the outer membrane of the gram negative 
bacterium Escherichia coli allowing the passive diffusion of solutes (ions, sugars and 
amino acids) into the periplasm. Porins participate in a variety of functions ranging from 
the transport of solutes to contributing to the virulence of infection by pathogenic bacteria 
(59-65). Porins are usually classified as the general non-specific porins, and solute-
specific porins.  
The general porins OmpF, OmpC, and PhoE of E. coli are channels that allow 
passive diffusion of small solutes (under 600 Da) down their concentration gradient. The 
general porins transport a variety of substances from the external environment into the 
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bacterial periplasm and do not demonstrate a marked preference for particular solutes. 
Other (‘specific’) porins show preference for particular solutes, for example, the 
maltoporin LamB (66) of E. coli. Specific porins are known to have a definite function 
important to bacterial survival. Specific porins are often induced under special growth 
conditions along with the components of an inner membrane uptake system, and enzymes 
necessary for degradation and fermentation of the solutes. These specific porins 
presumably are needed for the bacteria to thrive under these special conditions. 
The functional properties of a sialic acid specific outer membrane porin NanC of 
E. coli are characterized using electrophysiological methods. NanC is named because it is 
a N-acetylneuraminic acid (Neu5Ac) inducible channel. N-acetylneuraminic acid is one 
of the family of naturally occurring sialic acids that include more than 40 nine carbon 
negatively charged sugar moieties (67). The ability of the bacteria to colonize, persist and 
cause disease (68, 69) depends on their ability to use sialic acids in many cases. The most 
abundant and well studied sialic acid is N-acetylneuraminic acid, Neu5Ac. If general 
porins OmpF/OmpC are not expressed by the E. coli bacteria (as is often the case (70)), 
NanC must be present (i.e., it must be induced) to promote efficient uptake of Neu5Ac 
across the outer membrane.  
Recently, a high resolution structure of NanC has been reported (58). The 
structure of NanC shares many of the characteristic features of other outer membrane 
channel proteins. NanC is a monomer, a 12-stranded β-barrel with a relatively narrow 
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pore of average radius 3.3Å. However, NanC is also different in many ways from other 
porin structures. In most of the porins, ‘loop’ partially occludes the pore region and is the 
most obvious location where specific interactions and gating might occur. Interestingly, 
NanC has no ‘loop’ occluding the pore. The pore region of NanC is predominately 
decorated by positively charged residues that are arranged to form two positively charged 
tracks facing each other across the pore. This particular arrangement of the positively 
charged residues in the pore region seems to help the negatively charged Neu5Ac 
(carboxylate group (COO
-
) of Neu5Ac deprotonated at physiological pH, pKa ~ 2.6) to 
move through NanC. The positively charged tracks are likely to guide the movement of 
negatively charged solutes the way the steel tracks of a railroad guide trains, both passive 
passenger and freight cars, and active locomotives. 
Interestingly, the earlier functional measurements of NanC carried out using 
patch-clamp experiments were unable to demonstrate any significant change in the 
function of NanC in the presence of even large concentrations of Neu5Ac, up to 50 mM 
(70). The high resolution structure suggests one explanation for this finding. The 
structure shows many basic (positive) side chains that would be screened (71) in the high 
salt concentrations used in these earlier measurements. Structural measurements also 
show HEPES binding to NanC. Two HEPES molecules were immobile enough under 
crystallizing conditions to produce diffraction in the crystal structure, one near each end 
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of the channel. Binding strong enough to crystallize HEPES in place in a channel is likely 
to modify current flow through the channel.  
The biophysical properties of NanC are thus characterized and the experimental 
conditions necessary for the measurement of transport of Neu5Ac in bilayer setups are 
determined. The biophysical conditions that produce the biological sialic acid transport 
are identified through single channel measurements of NanC in an artificial lipid bilayer 
determining the ion selectivity and conductance of the channel.  
1.2. Overview 
The work that is described in what follows is broadly focused on two topics:       
(i) Simulation studies characterizing the physical mechanisms underlying the micromolar 
calcium selectivity of voltage-gated calcium channels through a reduced model. The 
success of reduced model in reproducing the experimentally observed calcium binding 
under a range of ionic conditions is investigated. (ii). Single channel planar lipid bilayer 
experiments investigating the biophysical and biological properties of a bacterial outer-
membrane channel NanC.  
A novel aspect of this work is that it explores the fundamental principle 
determining the ion selectivity and permeation properties of two biologically dissimilar 
voltage-gated ion channels (one is eukaryotic the L-type calcium channel of cardiac 
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muscle cell and the other one is bacterial NanC of E.coli) from two different approaches 
i.e. via simulations and bilayer experiments. A similar picture of a narrow crowded 
selectivity filter results where the charge/space competition principle seems to rule. The 
dominant interactions governing the ion selectivity and permeation are suggested to be 
electrostatics and entropic occurring between the mobile ions and fixed charges of the 
protein side chains in the selectivity filter of these ion channels.   
In Chapter 2, a physical model accounting for the selectivity of calcium (and 
sodium) channels in many ionic solutions of different composition and concentration 
using just two parameters (radius of the pore R and protein dielectric constant εp)  with 
unchanging values is introduced. The role of flexibility in the selectivity of calcium 
channels is studied using this simple model. The Grand Canonical Monte Carlo (GCMC) 
method applied in these simulations is described. The outputs of the GCMC simulations 
namely, the occupancies of cations Ca
2+
/ Na
+
, the concentration profiles (distribution of 
cations), and linearized conductance of Na
+ 
are compared.  
  In Chapter 3, the principle and practical issues related to the measurements of a 
single ion channel in a planar lipid bilayer are described. The main components of the 
planar lipid bilayer set-up used while conducting these measurements are discussed. The 
critical issue of voltage offsets for these sub- pico ampere current measurements in planar 
lipid bilayer experiments is addressed.  
12 
 
 
 
In Chapter 4, biophysical properties of a bacterial outer-membrane channel NanC 
are characterized using single channel planar lipid bilayer experiments. The ionic 
conditions favorable for studying its biological role are identified.  
In Chapter 5, the biological role of a NanC in transport of sialic acid is studied in 
planar lipid bilayers under the ionic conditions identified in Chapter 4. The specificity 
and efficiency of NanC in transport of sialic acid is shown by comparison with OmpF. 
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CHAPTER 2. SELF-ORGANIZED MODELS OF SELECTIVITY IN CALCIUM 
CHANNELS 
2.1. Introduction 
Selectivity arises from the interactions of ions and side chains of proteins 
constrained by the geometry and properties of the rest of the protein, and the surrounding 
bathing solutions. For a long time—as long as the issue of selectivity has been considered 
by biologists—it has been believed that selectivity depends on the detailed structure of 
the binding sites for ions. Selectivity has been thought to depend on the exact atomic 
arrangements of side chains, ions, and other nearby molecules (72, 73). The selectivity of 
the calcium channel considered here is particularly important because of the enormous 
importance of the channel (74-92). The L-type calcium channel considered controls the 
contraction of the heart and signaling in skeletal muscle. Few channels are more 
important than the calcium channel because calcium concentration inside cells is used as 
a signal in almost every tissue of an animal. 
It has come as a surprise that a model of selectivity that includes only a few 
features of the atomic structure has been able to describe the selectivity properties of 
calcium and sodium channels very well, in all solutions over a wide range of conditions, 
with only two adjustable parameters using crystal radii of ions (47, 93). This model is 
skeletal in its simplicity, representing side chains as charged spheres unrestrained by 
connections to the surrounding protein. This model represents the selectivity filter of 
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calcium and sodium channels as cylinders containing spherical structural ions 
(modeling the terminal groups of side chains) free to move within the cylinder but unable 
to leave it (Figure 1). Note that water is present in this model only as a dielectric: the 
primitive implicit solvent (94-118) model of ionic solutions is used and extended into the 
channel. The question is how can this simple model possibly work, given that it includes 
no detail of the protein structure, and uses only a crude representation (to put it kindly) of 
the side chains and their interaction with ions.  
The answer is that the model works because it captures the features of the binding 
sites of calcium and sodium channels that biology actually uses to produce selectivity. 
Many other physical phenomena could be used to produce selectivity, and probably are in 
other types of channels, transporters, enzymes, and proteins, let alone physical systems in 
general. It seems here however that biology has used only the simplest, the competition 
between electrostatic forces and volume exclusion in very concentrated systems of ions 
and side chains.  
The two cations Ca
2+
 and Na
+
 that compete for the channel arrive from a bath of a 
given composition and mix with side chains of the channel protein in this model. The 
winner of the competition is the ionic species whose binding minimizes the free 
energy F U TS . Electrostatic attraction between the side chains and the cations 
decreases the energy U , while competition for space in the crowded selectivity filter 
chiefly influences the TS  term. The entropic term is most directly influenced by the 
flexibility of side chains. Indirectly, of course, everything is influenced by everything. 
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The U and –TS terms are not uncoupled, of course (119), but separating U and –TS terms 
provides a useful framework to understand selectivity. 
In this model a large mobility (flexibility) of the terminal groups (8 half-charged 
oxygen ions, in this paper) of side chains is assumed. In reality, the movement of side 
chains is restricted because they are tethered to the polypeptide backbone of a protein. 
Side chains of acidic and basic residues in real proteins are not fully rigid (though they 
are not entirely mobile either) and have considerable mobility during thermal motion.  
In this chapter, the goal is to study the effect of the flexibility of the side chains on 
physical quantities computed by Monte Carlo simulation. The basic quantities computed 
by the simulation are the profiles of spatial distribution of the various ionic species. 
These distributions, as expected, are very sensitive to restrictions in the mobility of 
oxygen ions. Integration of the ionic profiles provides quantities comparable to 
experiments. These integral properties characterize selectivity from two profoundly 
different points of view.  
The integral of the ionic profile (of a given species) itself over a given volume (of 
the selectivity filter, for example) describes the binding affinity of the given ionic species 
to this volume. This quantity—called as ‘occupancy’—is proportional to the probability 
that a given ionic species binds to the selectivity filter in competition with other kind of 
ions. Occupancy is a result of minimized free energy, an equilibrium concept, but 
occupancy exists in non-equilibrium systems as well, of course. It just must be computed 
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by a different theory in that case, one that includes non-equilibrium parameters (like 
conductance) and spatially non-uniform boundary conditions.(120, 121) 
The resistance of the channel is the sum of the resistance of a series of 
(infinitesimally thin) discs, as described precisely later in Methods section. Resistance is 
a more dynamic variable than occupancy. Each disc has resistance determined by the 
amount and mobility of the ions in the disc. The amount is proportional to the reciprocal 
of the concentration of ions, times the volume of the disc. The sum is actually the integral 
of the reciprocal of the profile of ionic concentration over a length of the ionic pathway. 
The integral is proportional to the resistance of that length to the current of the ionic 
species in question. This resistance describes the selectivity of ion channels directly 
measurable from measurements of current or flux through channels under near 
equilibrium conditions. It is more sensitive to local variations in the ionic profiles than 
occupancy. It is expected, therefore, that conductance is more sensitive to variations in 
flexibility of side chains too. 
The flexibility of the oxygen ions will be changed in different ways and the 
change in the physical quantities mentioned above will be analyzed as the flexibility is 
changed. A quite different behavior is obtained for the profiles, occupancies, and 
conductances as a function of varying flexibility.  
An important result of analysis of this model is that the locations of ions and side 
chains have a ‘self adjusting’ nature as ion concentrations are changed in the bath, or the 
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nature of the side chains is altered, for example, from EEEE to EEEA in a calcium 
channel or DEKA to DEEA in a sodium channel. Side chains are mobile in this model 
and so they change their distribution as parameters of the model change. In this picture, 
the structure of the binding site is a computed consequence of thermodynamic and 
geometrical constraints and all the forces present in the system. Thus, ‘structure’ refers to 
the equilibrium profiles of spatial distribution of concentration of all the ions obtained as 
ensemble averages of converged simulations. This structure obviously changes as 
experimental conditions change.  
The sensitivity of the structure to the location and flexibility of side chains helps 
answer the general paradox “How can a model without a detailed structure account for 
complicated properties of two different types of channels under so many conditions?” 
The answer to the question is that the model computes the structure. The channel 
structure is different in different conditions because of the sensitivity of spatial 
distributions. Thus, biological properties that are sensitive to structure will be sensitive to 
location and flexibility of side chains. Integrated properties like conductance are not so 
sensitive. 
In other words, the model of selectivity is an induced fit model, in which the 
structure of the binding site is induced by all the forces in the system, depending on the 
ion concentrations in the bath, and the other parameters of the problem. The fit of the side 
chains to the ions is induced by the minimization of the free energies of the system. The 
model is a self organized model. In this model, the only energies that determine the 
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structure are electrostatic and excluded volume. No energies with a more chemical flavor 
are included in the present version of the model.  
Unfortunately, nothing is known yet about the actual locations of side chains in 
real calcium and sodium channels because X-ray structures are unavailable. It is possible 
to hypothesize the locations assuming various homologies with the known structure of 
the KcsA potassium channel (122, 123). However, a different route is followed as 
described in the Model section. 
It is concluded that the ionic distribution profiles are sensitive functions of 
locations of immobilized side chains and their flexibility. Occupancy, on the other hand 
is less sensitive to flexibility because its first order determinant is the density of ions in 
the selectivity filter as we established earlier (124, 125). Conductance, the most 
interesting quantity of the three, lies in between because it depends on both occupancy 
(the number of available charge carriers) and fine details in the distribution profiles. The 
conductance of a single channel of fixed diameter depends on the sum of many 
differential ‘resistors’ because it measures the ‘series resistance’ of the single channel. 
The conductance depends on the reciprocal of the concentration for this reason and is 
very sensitive to high resistance obstructions in the permeation pathway even if they 
occur over a tiny length. These high resistances are produced by the low concentrations 
of mobile ions in the depletion zones in the ionic profiles (126). Depletion zones are 
responsible for many of the most important properties of transistors (127-129). 
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Transistors and channels involve quite similar physics and are described by quite similar 
equations, but the charge carriers of transistors are points with no size.  
If three dimensional structures for calcium and sodium channels become 
available, the information gained must be built into the model. Until then, this 
approach—that allows the side chains to find their optimal distribution automatically in 
the simulation—seems to be a good way to proceed. It allows constructing a functional 
skeletal model that fits a wide range of data from two channel types under many 
conditions with only two parameters. It makes understanding of permeation and 
selectivity mechanisms of real calcium and sodium channels possible, if permeation and 
selectivity are viewed as outputs of that simplified model.  
2.2. Methods 
2.2.1. Model of Channel and Electrolyte 
A reduced model is used to represent the L-type calcium channel because a 
crystallographic structure is not available. It is known from the experimental literature 
that Ca
2+
 selectivity in this channel is determined and regulated by the four glutamates of 
the pore lining loops which form the selectivity filter (17, 20, 8, 9). The negatively 
charged carboxyl (COO
-
) side chains of these glutamates extend into the selectivity filter 
region of the channel (130). As Sather and McCleskey put it in their review (20) “The 
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calcium channel field is convinced that the EEEE carboxyl side chains project into the 
pore lumen” to form a mixture of ions and side chains that has been called an ‘electrical 
stew’(131).  
At room temperature of 300K, these side chains as well as the surrounding cations 
interact and exhibit thermal motions. The four glutamates (EEEE) contribute to a fixed 
charge of -4e on the selectivity filter. This existing information about the L-type calcium 
channel is used to build a reduced model (132, 125).  
In the reduced model the channel is represented as a doughnut-shaped object with 
a pore in the middle connecting the two baths (Figure 2.1). The protein which forms the 
pore is represented as a continuum solid with dielectric coefficient, εp = 10. The central, 
cylindrical part of the pore, the selectivity filter, is assigned a radius  R   3.5 Å  and 
length    10  ÅH . The model is rotationally symmetric along the pore axis. The 
selectivity filter ( 5 Å, 5 Å) contains the negatively charged side chains extending from 
the polypeptide backbone of the channel protein into the pathway for ionic movement. 
We represent the carboxyl (COO
-
) side chains as a pair of negative half charged oxygen 
ions (O
1/2-) resulting in 8 oxygen ions (also called ‘structural ions’). The net charge in the 
selectivity filter therefore sums to -4e. The side chains are free to rearrange inside the 
selectivity filter of the channel but cannot leave the selectivity filter. The mobile ions 
(Na
+
, Ca
2+
, Cl
- 
) as well as the oxygen ions of the carboxyl groups are hard spheres and 
are assigned Pauling crystal radii (see caption of Figure 2.1). The structural ions mix with 
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the mobile ions producing a flexible but confined environment in the selectivity filter. 
The structural ions have different degrees of flexibility as described later. Water is 
represented implicitly as a dielectric (εw = 80).  
The simulation cell is a cylindrical compartment that is kept small to save 
computation time. The simulation cell is checked to be sure that it is large enough that 
our final results do not depend on its size. The dimensions of the simulation cell are 
chosen depending on the ionic concentrations in the surrounding bath solutions. The 
baths are separated by a lipid membrane 20 Å thick except where the channel protein is 
found. Ions are excluded from the lipid membrane. The filter is assumed to have a 
dielectric coefficient of 80. If more realistic values were used, the amount of computation 
required for the electrostatics increased and no significant effects were noticed on the 
simulation results (49, 132).  
2.2.2. Metropolis Monte Carlo Method 
A Monte Carlo simulation generates configurations of a system by making 
random changes to the positions of the species present, together with their orientations 
and conformations wherever appropriate. Many computer algorithms are based upon 
‘Monte Carlo’ method; a term coined by Metropolis in 1953 (133).In general, MC 
method refers to all those methods that use importance sampling which ensures that only 
those configurations be generated which make a large contribution to the average 
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quantity of interest. The MC method based on Metropolis scheme (MMC) is essentially 
the importance sampling where selected configurations are generated that contribute 
significantly to the averages such that if the new configuration is accepted if it has lower 
energy than the preceding configuration.  However, if the new configuration has a higher 
energy then we compare the difference in their corresponding Boltzmann factors i.e. 
exp
U
kT
 where ΔU is the difference in energies, to a random number generated 
uniformly between 0 and 1. The move is accepted if the difference is greater than 1. 
Therefore, the MMC method essentially does a statistical sampling of the configuration 
space efficiently by increasing the probability of the ‘accepted’ configurations for 
determining the thermodynamic properties of equilibrium systems.  
The MMC method was initially applied in a canonical ensemble to simulate the 
calcium over sodium selectivity in the reduced model of the L-type calcium channel. This 
model was pretty good in describing the selective behavior but it was not able to simulate 
the micromolar selectivity for Ca
2+
 as observed in calcium channels (134). This problem 
was overcome when the ion channels were modeled with Grand Canonical Monte Carlo 
(GCMC) method.  The major difference between the MC simulation method in canonical 
and grand canonical ensemble is the way statistical sampling is done. In canonical 
ensemble the configuration space is sampled by accepting/rejecting random moves in the 
ensemble whereas in grand canonical ensemble the statistical sampling is ensured by 
making random insertions/deletions in the ensemble. 
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The grand canonical version of MMC method is useful while dealing with cases 
where the number of particles is varying and hence, insertions/deletions in the ensemble 
are natural to occur. Some earlier studies on GCMC simulations were done by Valleau et 
al., (135) to simulate primitive model electrolytes. This version of MC method is 
particularly useful while the concentration of particular species is very low in a mixture. 
Therefore, the use of MC method in grand canonical ensemble is quite useful while 
dealing with modeling systems in physiology that are sensitive to concentrations of order 
of micromolar. Following are the basic steps followed in GCMC simulation: 
1. A particle is displaced using the usual Metropolis scheme (as in canonical version 
of MC method). 
2. A particle is destroyed. 
3. A particle is created at random position. 
The probability of acceptance of creation is –  
3
min 1, exp ,
( 1)
creation
V
p U
N
         (1) 
   
 
and probability of acceptance of destroying particle is –  
3
min 1, exp ,
deletion
N
p U
V
     (2) 
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where, N is the number of particles, V is the volume for  insertion/deletion of particles in 
region of interest,  
1
kT
 , 
2
(2 )
h
mkT
 is the thermal de-Broglie wavelength,µ is 
the chemical potential and ∆U is the corresponding energy change. The probability of 
creation is equal to the probability of destroying in order to ensure the symmetry.   
2.2.3. Practical Implementation of Grand Canonical Monte Carlo Method 
MC simulations performed using Metropolis sampling in the grand canonical 
ensemble (135) allows to efficiently simulate the very small ionic concentrations 
important for calcium channels. The details of the methods of sampling and their 
acceptance tests have been described in (136, 49, 48, 135) and earlier papers.  
An equilibrium grand canonical ensemble is simulated at room temperature 300K. 
The chemical potentials of ions are the inputs chosen for the grand canonical ensemble 
and are determined separately using an iterative method (137, 138). The acceptance tests 
of new particle configurations involve the total electrostatic energy of a configuration. 
The net electrostatic energy of the system includes the Coulombic interactions between 
the ions and the side chains and the interactions resulting from the charges induced at 
dielectric boundaries which are computed using the induced charge computation method 
(45). The GCMC simulations presented in the results section are averages of many runs 
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performed on multiple processors and beginning from different seed configurations. Each 
result is the average of 6 × 10
8
 to 1.2 × 10
9
 MC configurations.  
2.2.4. Simulated Experimental Setup 
The micromolar block of Na
+
 current observed by McCleskey et al. (139, 140) is 
a characteristic behavior of the L-type calcium channel. In this experiment, CaCl2 is 
gradually added to a fixed background of 30 mM NaCl. The experiments show that 1 μM 
of Ca
2+
 reduces the current through the L-type calcium channel to the half its value in the 
absence of Ca
2+
. This result implies that the selectivity filter of the calcium channel 
contains a high affinity binding site for cations, especially for Ca
2+
. The strongly bound 
Ca
2+
 obstructs the diffusion of Na
+
 ions in the packed and narrow selectivity filter. This 
experiment was the main target of several theoretical and simulation studies of the L-type 
calcium channel (49, 132, 48, 93, 141, 124, 142). 
As far as known this reduced model is the only one that is able to produce the 
strong Ca
2+
 vs. Na
+
 selectivity in a range of conditions. Indeed most computations of 
selectivity do not contain concentration as a variable at all (72, 73, 143). Moreover, 
classical kinetic models of selectivity (39, 4) assume the energy landscape or the barrier 
to be independent of ionic concentrations which is an implausible approximation given 
the ubiquity of shielding in ionic solutions and the reality of Gauss’ law. These and other 
difficulties with classical models have been evident for a long time (144-154). Indeed, the 
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‘law’ of mass action itself has recently been shown to apply only to infinitely dilute 
solutions of non-interacting particles, if it is used with constant rate constants as in 
classical models of channels (39, 4). 
The simulations (analyzed with the integrated Nernst-Planck equation, see later 
Eq. (5)) show that at 1 μM Ca2+ the average number of Na+ ions in the selectivity filter 
drops to half the value it has at zero Ca
2+
. Under those conditions, Ca
2+
 ions occupy the 
central binding site in the filter, but they do not contribute to the current because of the 
depletion zones formed at the entrances of the filter (93, 141). This mechanism is in 
agreement with an earlier intuitive description of the mechanism of this block (155). 
Some simulations were carried out for the entire range of Ca
2+
 concentrations as 
used by Almers and McCleskey in their experiment (from zero to 10
-2
 M). Others were 
just carried out for the special case when [Ca
2+
] is 1µM. In experiments, the replacement 
of Na
+
 by Ca
2+
 takes place in a narrow concentration range around this value. 
2.2.5. Models of Flexibility 
There are two limiting cases of the flexibility of side chains. 
(1) The ‘flexible’ case is the usual model with maximum flexibility. In this case, 
oxygen ions are perfectly mobile inside the selectivity filter but they are confined within 
the filter by hard walls. In this model, oxygen ions automatically find their average 
distribution that minimizes free energy of the system. As cations (Na
+
 or Ca
2+
) enter the 
27 
 
 
filter, oxygen ions rearrange and make it possible for the cations to pass the channel 
(126). The distribution of the oxygens is an output of the simulation. 
There is agreement (156, 17, 20, 157, 9) that side chains in the filter of calcium 
channels are quite flexible. They are in constant thermal motion and the long (3-carbon) 
chains allow the COO
−
 end groups considerable freedom to move within the channel. 
Nonetheless, the maximum mobility case obviously overestimates the flexibility of side 
chains.  
(2) The ‘fixed’ case places oxygen ions in fixed positions and allows zero 
mobility. This assumption roughly corresponds to the system at 0 K and underestimates 
the flexibility of side chains.  
Unfortunately, the X-ray structure for the calcium channel is not yet known. 
Therefore, instead of assuming the initial positions of the oxygens, we choose certain 
fixed oxygen configurations from the billions of possible configurations that are 
computed during an MC simulation of the ‘flexible’ case. The nature of MC simulations 
ensures that all these configurations occur in the sample in a Boltzmann distribution(158, 
159). Each configuration chosen as a fixed configuration is one of the configurations of 
the equilibrated system. In other words, they can be called ‘probable’ configurations.  
The configurations chosen are even ‘more probable’ using a criteria based on 
electrostatic energy. These configurations are determined by carrying out the usual MC 
simulation for 50 blocks where each block consists of 5×10
5
 trials. After a block is 
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finished, the oxygen ions are displaced to ensure that the next block samples new 
configurations. After every MC trial in each block the electrostatic interaction energy of 
the oxygen ions with every other ion is calculated. A running average of this energy is 
updated. At the end of each block, the instantaneous locations of the oxygen ions and the 
corresponding running averages of the energy for that block are saved. Therefore, at the 
end of the simulation for each of the 50 blocks a set consisting of locations for the 8 
oxygen ions is obtained which represent the instantaneous configurations at the end of the 
block and the corresponding average energy of that block. 10 configurations of the 
oxygens are chosen from these 50 configurations that have the lowest average energy and 
are called as the ‘low energy’ configurations. Simulations were performed for these cases 
in the usual way except that MC movements were not performed for the oxygen ions. 
Simulations were performed for [CaCl2] = 10
−6
 M and [CaCl2] = 0 M in order to relate 
the results for 10
−6
 M to results in the entire absence of Ca
2+
.  
In addition to these 10 ‘fixed low energy’ configurations, configuration of 
oxygens is chosen that had the lowest energy in the sample checked. This configuration 
does not have the lowest energy in general; it just has the lowest energy in the 50 
configurations of oxygens examined in the simulation. This case is called the ‘lowest 
energy’ case. The lowest energy case is simulated for concentrations spanning the whole 
Ca
2+
 concentration range used in experiments. 
Because the exact structure of the selectivity filter is not known, the 
configurations just defined were not selected with the purpose to mimic any realistic 
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structure. They were chosen to study the effect of fixing the oxygens somewhere. A large 
number—hundreds—of other configurations were chosen by ad hoc methods in the 
course of these calculations, as developed these procedures. From all this work, it is quite 
certain that the conclusions drawn from the results are quite general and independent of 
the actual positions of the oxygen ions. The qualitative conclusions of this work are not 
sensitive to the exact method of choosing the ‘low energy’ configurations. The exact 
configuration called as ‘low energy’ has little importance. 
To study the effect of oxygen-flexibility in more detail models are constructed in 
which oxygen ions have partial flexibility. These models lie between the fixed and 
flexible cases defined above. 
(1)  The ‘restricted’ case: It restricts the four pairs of oxygen ions to stay in 
four narrow regions. The glutamate residues assumed are not concentrated at one position 
of the selectivity filter, but rather they are distributed along the axis of the pore confined 
in cylinders defined by the filter wall and hard walls at fixed z-coordinates as shown in 
Figure 2.2. The regions in which the oxygen-pairs are confined overlap and they prevent 
a given pair to diffuse elsewhere in the filter. The distribution of oxygen ions is more 
uniform in this case than in the ‘flexible’ case. Simulations were performed for this case 
in the whole Ca
2+
 concentration range where the oxygen ions were perfectly mobile in the 
selectivity filter |z| ≤ 3.6Å.  
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(2) The ‘confined’ case: It starts with the ‘lowest energy fixed’ position of the 
oxygen ions and gradually allows them more and more mobility in the following way. 
Spheres are defined of radii Rox around these fixed positions and allowed the oxygen ions 
to move freely inside these spheres. The oxygen ions cannot leave these spheres. Then, 
we gradually increase the size of these spheres thus increasing the mobility of the oxygen 
ions. Any radius that is larger than 7.2 Å effectively corresponds to the ‘flexible’ case. 
Thus, we designed a scheme in which we smoothly change the model between the two 
limiting cases of flexible and fixed. We performed simulations in the confined case only 
for [CaCl2] = 10
−6
 M and [CaCl2] = 0 M. 
2.2.6. Pore Conductance  
We use the integrated Nernst-Planck formulation of Gillespie and Boda (141, 
160) to relate the equilibrium GCMC simulation to the linearized slope conductance 
estimated in experiments with equal concentrations of ions on both sides of the channel. 
The integrated Nernst-Planck formulation based on the resistors-in-series model is used 
to calculate the conductance of each ionic species in the pore region. The combination of 
the integrated Nernst Planck equation (Eq.(5)) and MC simulations has been successful in 
reproducing the anomalous mole fraction effect  in L-type calcium channel known from 
experiment (141). We reproduce here the key equations that we use in our calculations.  
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The ions are assumed to move diffusively and their current is described by the 
Nernst Planck equation  
 
1
( ) ( ) ( ) ( ),
i i i i
B
D
k T
J x x x x      (3)  
where, ( ), , ,  and 
i i i i
DJ x  are the local flux density, diffusion coefficient, density and the 
electrochemical potential respectively of ion species i .The value 
B
k  is the Boltzmann 
constant and T is the temperature. We focus on the selectivity filter region of length L  
and cross-sectional area ( )A z  confining the structural ions. The chemical potential ( )
i
z  
and the diffusion coefficient ( )
i
D z are assumed to be uniform over the cross-section of 
the selectivity filter. With these approximations, the total flux of ion species i  through the 
pore: 
 
( )
( ),
B
T i i
i i
D
k T
d z
J n z
dz
       (4) 
where, ( )
i
n z  is the axial number density of ions (number per unit pore length) at axial 
location z .  
The total conductance  of the pore in the presence of symmetrical bath solutions 
at the end of the selectivity filter region containing several ion species of charge 
0i
z e  and 
a very small voltage applied across the system is: 
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Note that the conductance depends on the square of the charge of the ions
2 2
0i
z e . 
The axial densities of ion species 
i
n  are computed from the MC simulations. The 
diffusion coefficient of ions is an external parameter not determined by our simulation 
that must be provided as an input to our computation. We deal with normalized 
conductances and therefore, it is sufficient to specify the ratio of diffusion coefficients of 
the two cations DCa/DNa. We use the value DCa/DNa
+
 = 0.1 in our computation. Dynamical 
Monte Carlo (DMC) simulation (126) recently verified an early suggestion of Nonner and 
Eisenberg (142) that the diffusion coefficient of Ca
2+ 
in the selectivity filter is much 
smaller than that of Na
+
. 
The approximations and equations used to calculate the pore conductance  
quantifies the current through the channel. It is very important here to emphasize that the 
estimation of pore conductance requires only the spatial (i.e., cross sectional) uniformity 
of the chemical potential, which does not imply that the other variables, such as the 
spatial number density of the ions or the electrical potential are spatially uniform. The 
concentration profiles used in these calculations are obtained from simulations performed 
under equilibrium conditions and with self-consistent electrostatics. When the system is 
off equilibrium the concentration profiles will have to be recomputed to be self-consistent 
as done in Density Functional/Poisson Nernst Planck theory (DFT/PNP) (161, 52, 141, 
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160, 162, 163) or more recently with variational method (EnVarA) (120, 164, 121). Thus, 
our conductance  of Eq. (5) does not include the nonlinear effects that may occur when 
other voltages or concentration gradients are applied. The non-equilibrium effects on the 
potential profiles cannot be determined by the equations given here. Non-equilibrium 
effects are important in channels because channels are devices that use gradients of free 
energy to perform their function. Non-equilibrium effects are responsible, for example, 
for the properties of semiconductor devices and those effects are not present near 
equilibrium where our conductance equation applies. Such effects can be computed by 
Poisson Nernst Planck equations if charge carriers have zero diameter or by a 
modification of those equations if the charge carriers have finite diameter (165, 120, 164, 
166, 167, 52, 168, 121). The slope conductance  is nonetheless quite informative, 
because experiments show that current-voltage curves are linear in wide voltage range 
around equilibrium. 
2.3. Results 
We analyze our results on various levels of abstraction. The primary output of our 
simulations is concentration profiles. These profiles describe the probability of various 
ions being found in a given position, or, looking at the same thing from a more dynamical 
point of view, they describe the relative amount of time that these ions spend in a given 
location. We will show profiles averaged over the cross-section of the channel. We can 
derive two kinds of integrated quantities from the concentration profiles. 
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(1) The integral of the concentration profile provides the average number of the 
given ionic species in a certain sub-volume of the system. We will show average number 
of ions integrated over the selectivity filter and we will call these numbers occupancies. 
The occupancies of Na
+
 and Ca
2+
 describe equilibrium binding affinity of these ions to 
the selectivity filter. 
(2) The other integrated quantity of interest is the integral of the reciprocal of the 
concentration profile based on the Nernst-Planck equation (see Methods section, Eq. (5)). 
This integral is proportional to the resistance of the pore to a given ionic species in the 
region of validity of the equation. We will show conductance values γ that are the 
reciprocals of the resistances. We will concentrate on conductances of Na
+
, because Ca
2+
 
does not conduct significant current in the conditions of interest, at micromolar [CaCl2]. 
We work with normalized conductances. Usually, we normalize with respect to 
the Na
+ 
conductance computed in the absence of Ca
2+
. Because in this paper we compare 
different systems, we have two choices regarding how we normalize the conductance. 
(A)  First, each model (‘flexible’, ‘restricted’, ‘fixed’ or ‘constrained’ cases) can 
be normalized by its own zero-Ca
2+
 conductance. Each model is normalized by itself. In 
this way, g is always normalized to 1 in the limit [CaCl2] → 0. This kind of normalization 
is used in the experimental literature (139, 140, 156, 17, 20, 9). 
(B) To compare the absolute values of conductances computed from different 
models, we can normalize with respect to one fixed value in all cases. This way, we can 
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draw conclusions about how changing the flexibility of the oxygen ions influences the 
ability of the channel to conduct Na
+
. Correlations between the integrated quantities are 
shown by plotting one integrated quantity on the ordinate, and the other integrated 
quantity on the abscissa. 
Figure 2.3 shows concentration profiles for the (A) ‘flexible’, (B) ‘restricted’, (C) 
‘lowest energy fixed’, and (D) the average of the 10 ‘low energy fixed’ cases. The oxygen 
concentration profiles (top panels of Figure 2.3 A-D) are similar in the ‘flexible’ and 
‘restricted’ cases: oxygen ions tend to accumulate at the entrances of the filter because 
the negative oxygen ions repel each other to the confining walls of their compartment. A 
third peak appears in the center of the filter in the ‘flexible’ case because of packing. In 
the ‘restricted’ case, the total oxygen profile is a sum of the four profiles for the four 
oxygen pairs. The ‘restricted’ case has two additional peaks. The distribution of oxygens 
is more flat than in the ‘flexible’ case. The vertical lines in the ‘lowest energy fixed’ case 
represent Dirac-delta functionals describing the positions of the fixed oxygens. 
Each simulation performed with a given fixed oxygen configuration provides an 
adequate sampling of all possible configurations of the free ions (Na
+
, Ca
2+
, and Cl
-
), 
because of the large number of configurations calculated (and examined) in each 
simulation. Many of the configurations we have chosen for the fixed oxygens produce 
configurations of the free ions that resemble results of simulations of the totally ‘flexible’ 
case. The 10 selected ‘low energy fixed’ simulations then correspond to a sample that 
resembles a sample of the ‘flexible’ case. The resemblance is approximate because we 
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have only 10 ‘low energy fixed’ oxygen configurations compared to the millions of 
oxygen configurations found in a usual simulation for the entire ‘flexible’ case. 
(Remember the result of a Monte Carlo simulation is a set of configurations, not a single 
configuration.) To test this idea, we averaged the concentration profiles obtained from the 
10 simulations for the 10 ‘low energy fixed’ cases. The oxygen profile shown in the top 
panel of Figure 2.3D was calculated using a wide (1 Å) bin. The overall behavior of the 
curve is very similar to the oxygen profile for the ‘flexible’ case despite the small (10) 
sample for the oxygens in the ‘low energy fixed’ case. 
The bottom panels of Figure 2.3A-D show the results for the free ions (Na
+
 and 
Ca
2+
) for [CaCl2] = 10
−6 
M and [CaCl2] = 0 M. A micromolar amount of Ca
2+
 in the bath 
is sufficient to decrease the Na
+
 concentration in the pore to the half of its value in the 
absence of Ca
2+
. (Compare the thick solid and thin dashed lines.) From this point of view, 
the four models behave similarly. The similarity is especially striking in the case of the 
‘lowest energy fixed’ oxygen configuration: although the details of the distribution of Na+ 
ions are very different from those in the ‘flexible’ and ‘restricted’ cases, the relative 
behavior with respect to the zero-Ca
2+
 curve is similar. This is also true for the average of 
the 10 ‘low energy fixed’ cases. 
This is the first important conclusion of this work: adding Ca
2+
 to the systems 
simply scales the Na
+
 spatial profiles but it does not change the shape of the spatial 
distribution. Furthermore, adding 1 μM Ca2+ scales the Na+ profiles similarly in the three 
different cases, thus producing similar selectivity behavior. This scaling is shown by 
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Figure 2.4, where we plot the ratio of the Na
+
 concentration spatial profiles for [CaCl2] = 
10
−6 
M and [CaCl2] = 0 M. This ratio is similar for the three cases plotted showing that 
these three models have similar selectivity behavior. The 10 ‘low energy fixed’ cases 
have the same behavior on average. The shape of the curves is very similar in the 
individual cases too (data not shown). 
Ca
2+
 profiles also behave similarly in the various cases in this respect. As Ca
2+
 is 
added, it appears in the selectivity filter wherever space is available (at the minima of the 
oxygen profiles).The common feature is that Ca
2+
 is absent at the filter entrances (3.0 ≤ 
|z| ≤5Å).  
Depletion zones—here at the filter entrances—have the property that the 
reciprocal of the Ca
2+
 concentration is large at these locations, so the integral (of the 
reciprocal of the concentration profile, which is the resistance) is also large. Various 
slices of the channel along the pore axis behave as resistors connected in series. One 
high-resistance element makes the resistance of the whole circuit high. Therefore, Ca
2+
 
does not carry any current at this concentration; it only blocks (reduces) the current of 
Na
+
.  
Here we see the origin of the most noted experimental property of the calcium 
channel, calcium block. Calcium block of sodium current is produced by the selective 
binding of Ca
2+
 in the selectivity filter. The absence of calcium current (an important part 
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of the block) is produced by depletion zones. The depletion zones are computed outputs 
of our model, not assumed inputs. 
To describe further the selectivity behavior of the channel models using the 
integrated quantities, we show titration curves. We plot these integrated quantities as a 
function of the concentration of added Ca
2+
.  
Figure 2.5A shows the occupancy curves for both Na
+
 and Ca
2+
. Ca
2+
 gradually 
replaces Na
+
 in the filter as [CaCl2] increases. At about 1 μM, the two ions have equal 
amount in the filter. Also, at this Ca
2+
 concentration the amount of Na
+
 drops to half in 
the filter. The three different cases behave similarly in spite of the differences in fine 
details in the concentration profiles (see Figure 3). 
Figure 2.5B shows the normalized Na
+
 conductances (normalized by their own 
zero-Ca
2+
 values) for the three different cases. The current carried by Na
+
 is gradually 
decreased as Ca
2+
 is added in accordance with the experiment of Almers and McCleskey 
(139, 140). As we demonstrated before, we reproduce the micromolar block of the 
current by Ca
2+
, our curves agree well with the experimental curve in the low [CaCl2] 
range. Ca
2+
 starts to conduct at high [CaCl2]. In this regime, our agreement with 
experiments is only qualitative due to differences between the theoretical and 
experimental situations as described previously (141). (In experiments, Ca
2+
 is added 
only to the extracellular side, while our setup is symmetrical.) Note that the occupancy 
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and conductance curves for Na
+
 behave similarly indicating a strong correlation between 
these two quantities (see later discussion). 
Figure 2.6 shows the correlation between Na
+
 conductance and Na
+
 occupancy. 
The correlation was evident from Figure 5, but this figure shows it clearly: the more Na
+
 
we have in the filter, the larger the pore’s conductance for Na+. Again, the various ‘fixed’ 
oxygen points scatter over a relatively wide range, but this figure clearly shows that the 
large drop in both occupancy and conductance occurs in a relatively narrow concentration 
range around 1 μM. In the range of lower and higher [CaCl2] (below and above 10
−6
 M), 
the values do not change very much. Also, the average of the 10 ‘low energy fixed’ cases 
is quite close the ‘flexible’ and ‘restricted’ cases that allow (some) movement of the 
oxygens. 
In the previous figures, conductances were normalized by the conductances 
obtained at zero Ca
2+
 for a given case. Figure 2.7 was designed to show correlation 
between the conductances normalized in the two different ways described previously, if 
correlations existed. No correlations were found. Normalization of results from a model 
by the zero Ca
2+ 
conductance of that model shows the selectivity of that model. The 
lower this normalized value (shown on the abscissa), the more selective the model is for 
Ca
2+
. On the other hand, if we normalize by one specific value—the zero Ca2+ 
conductance for the ‘flexible’ case—we can tell how the conductance of the model for 
Na
+
 changes as we change the flexibility of the oxygen ions. The lack of correlation 
indicates that a given fixed oxygen configuration can favor selectivity and conductance 
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independently. Conductance is sensitive to the presence of depletion zones, while 
selectivity is more sensitive to the degree of competition between Ca
2+
 and Na
+
. 
The relative conductance in comparisons between different models depends 
primarily on the oxygen configuration. A configuration can be ‘fortunate’ (large 
conductance) so that Na
+
 ions find enough space between the crowding oxygen ions. A 
configuration could also be ‘unfortunate’, meaning that the oxygen ions are in positions 
that act as obstacles for the passing Na
+
 ions and produce deep depletion zones for them. 
Indeed, sometimes the location of oxygens create depletion zones where Na
+
 
concentration is zero, so the conductance is also zero. The ‘flexible’ and ‘restricted’ cases 
are statistical averages of the many ‘fixed’ configurations in some sense or other. 
Therefore, these averaged cases do not suffer from the unfortunate configurations found 
in individual unaveraged cases: there are always enough configurations in the sample in 
the averaged cases in which oxygen ions move away and give way to the Na
+
 ions. The 
average of the 10 ‘low energy fixed’ cases is another example where the fortunate cases 
balance the unfortunate cases. Another interesting result shown in the figure is that the 
conductance of the ‘restricted’ model is larger than that of the ‘flexible’ model. The 
conductance is larger because the distribution of Na
+
 ions is more spatially uniform for 
this model (see Figure 2.2). Therefore, the depletion zones of Na
+
 are less deep in this 
case. 
Figure 2.8 shows the concentration profiles for O
−1/2
, Na
+
, and Ca
2+
 for our other 
model with different oxygen flexibility. When the oxygen ions are fixed (Rox = 0 Å), the 
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Na
+
 and Ca
2+
 ions have high peaks in the regions where oxygen ions are absent. As the 
Rox is increased, the peaks become lower, the valleys become less deep, and the curves 
eventually converge to those of the ‘flexible’ model. 
Figure 2.9 shows the conductance and occupancy of Na
+
 as a function of Rox. The 
conductances are normalized by the value at Rox = 0 Å. There are two maxima in the 
conductance. It seems that conductance is larger in a model that is not perfectly ‘flexible’, 
but not perfectly ‘fixed’ either. In the ‘fixed’ model, the oxygen ions act as obstacles as 
described above, especially if their configuration is ‘unlucky’. In the ‘flexible’ case, the 
oxygen ions act as obstacles because they pile up at the filter entrances thus producing 
depletion zones for the Na
+
 ions. 
There is a clear correlation between conductance and occupancy: less Na
+
 means 
more Na
+
-conductance. Intuitively, we might expect the opposite. The explanation is that 
although we have less Na
+
 (smaller peaks), as Rox is increased, we also—in the same 
profile—have shallower depletion zones (see Figure 8). 
2.4. Discussion and Conclusions 
2.4.1. Some Flexibility of Side Chains is Required for Calcium Selectivity 
We investigated the role of flexibility by comparing differential quantities and integral 
quantities in the selectivity filter of the ‘flexible’, ‘fixed’ and ‘restricted’ models. We 
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compared the differential quantities, the distribution of the side chains (oxygens) and the 
cations (Na
+
 and Ca
2+
) and the integrated quantities, the occupancies of cations Ca
2+
/ Na
+
 and 
linearized conductance of Na
+
. 
The differential quantities that we obtain from our model show a strong dependence on 
the locations of fixed side chains and the flexibility of the side chains. We show that holding 
the side chains fixed at certain predetermined locations in the selectivity filter distorts the 
distribution of Ca
2+
 and Na
+
 in the selectivity filter. This distortion can result in a loss in 
selectivity because the distribution of the cations is determined by the distribution of the side 
chains (Figure 2.3C). This reasoning is further supported (1) by calculations (Figure 2.8) 
which vary the mobility of the side chains in the radial direction from frozen to perfectly 
mobile and (2) by calculations (Figure 2.3, A and B) of the ‘restricted model’ in which the 
side chains are allowed to have a limited flexibility along the channel axis. The results are 
similar to the usual ‘flexible’ case.  
However, the behavior described by the integrated quantities (occupancy and 
normalized conductance) is much less sensitive, as might be expected from averaged, i.e., 
integrated quantities which are, as a rule, much less sensitive than differential quantities. 
Behavior of integrated quantities is similar in the ‘restricted’, ‘fixed’, and ‘flexible’ models. 
The occupancy of Ca
2+
 increases with the increasing bath concentration of Ca
2+
 (while 
occupancy of Na
+ 
decreasing) and the normalized conductance of Na
+
 is reduced with 
increasing amount of Ca
2+
 in bath. Thus, the integrated quantities obtained from our model are 
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much less sensitive to details of structure. They do not show sensitivity to the flexibility and 
the locations of the side chains.  
Our results show that some flexibility of side chains is necessary to avoid obstruction 
of the ionic pathway by oxygen ions in 'unlucky' fixed positions. When oxygen ions are 
mobile, they adjust 'automatically' to accommodate to the permeable cations in the selectivity 
filter. 
Beyond the rigid (fixed oxygen) case, however, our results seem quite insensitive to 
how and what degree do we make the side chains flexible. Density profiles and selectivity 
(expressed in term of either occupancy or conductance) behave similarly in the different 
models of flexibility ("flexible", "restricted", and "confined"). 
The exact location and mobility of oxygen ions (let alone even finer details of 
structure) have little effect on the selectivity behavior of calcium channels. Seemingly, nature 
has chosen a robust mechanism to control selectivity in calcium channels: the first order 
determinant of selectivity is the volume of the selectivity filter with the charge and excluded 
volume of structural ions confined within it. Flexibility of side chains seem to belong to the 
group of second order determinants. These conclusions of course apply to what we study here. 
Flexibility and fine structural details may have important role in other properties of calcium 
channels that are not studied in this paper. 
These results justify our early assumption—suggested by Nonner et al. (125) using 
theory and further studied with MC simulations (169, 132, 124)—that the important factor in 
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Ca
2+
 vs Na
+
 selectivity is the density of oxygen ions in the selectivity filter. Later studies (41, 
42) showed the importance of (charge) polarization (i.e., dielectric properties). The 
assumption of maximum mobility of oxygens (‘flexible’ case), seems to be an excellent 
approximate working hypothesis in the absence of exact structural information. We look 
forward to seeing how well the real structure fits within this hypothesis, when it becomes 
available. 
2.4.2. Self-organized Induced Fit Model of Selectivity 
Our results from the simulations of the zero flexibility model and the restricted 
flexibility model suggest that the reduced model is actually an induced fit model of selectivity, 
a specific version of the induced fit model of enzymes (170) in which biological function is 
controlled by the flexibility of the side chains that allows the side chains to self-organize into 
structures that change with changing ionic conditions.  
The variation of binding with concentration and type of ions arise from different 
structures that self-organize under different ionic conditions. The fit of the protein side chains 
to the ions, and the fit of the ions to the protein, change with conditions. The different fit in 
different types of ions produces selectivity. The structures—in the sense defined in this 
paper—vary with concentration as well as type of ion. The energy of the structures varies with 
concentration and type of ion and we know of no simple theory to calculate this change in 
energy. Simulations are needed in a range of concentrations and types of solutions. 
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Calculations that characterize selectivity by a single free energy of binding do not address 
these issues. They also do not address the issue of how selectivity occurs in life or in 
experiments in which ions appear in mixed solutions of varying concentration. 
Induced fit and self-organized models have traditionally been focused on the average 
structure of the protein. Here we view the locations of ions as part of the structure and we find 
that the distribution of locations (‘flexibility’, ’entropy’) is also important. Monte Carlo 
methods used by Boda et al. (171, 169, 136, 172, 48, 141) seem ideally suited to make the 
qualitative idea of self-organized systems and induced fit of enzymes into a quantitatively 
specific (and testable) hypothesis of protein function. The self-organized/induced fit theory 
says that all relevant atoms are in an equilibrium distribution of positions and (perhaps) 
velocities. Monte Carlo methods are used to estimate such distributions in many areas of 
physics. These methods seem to be less sensitive to sampling errors than traditional forms of 
molecular dynamics for many reasons discussed at length in the literature (173, 174). 
Selectivity in these channels arises from the interaction of the flexible side chains with 
the ions. The balance of the two main competing forces—electrostatic and excluded volume—
in the crowded selectivity filter of the reduced model determines the binding site for Ca
2+
. The 
structure of the binding site is an output of the calculations which rearranges according to the 
surrounding ionic conditions. The word ‘structure’ is somewhat inadequate to describe what is 
happening here. The thermal motions of the structure are as important as the average location. 
The biologically important properties depend on the entire ensemble of trajectories of ions and 
side chains. The distributions of location and velocities are involved. Traditional self-
46 
 
 
organized/induced fit models need to be generalized to include the self-organized/induced 
entropy (i.e., flexibility) as well as the self-organized/induced energy (i.e., location).  
The success of the self-organized induced fit model of selectivity arises because it 
calculates structures instead of assuming them. Assuming a preformed structure, independent 
of conditions, distorts the model significantly. Evidently, assuming a constant structure 
involves applying an artificial constraint not present in real channels. We suspect, but have 
not proven, that the difficulty is fundamentally similar to that which arises when a protein is 
described by a potential surface independent of conditions instead of as a distribution of 
permanent and dielectric charge (149, 150). 
Monte Carlo methods developed by Boda et al. seem ideally suited to compute the 
equilibrium properties of these self-organized systems. Other methods are needed to extend to 
the general non-equilibrium conditions in which most channels and proteins function, for 
example, variational methods like EnVarA (165, 168) or PNP-DFT (166, 167, 52). 
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Figure 2.1: Geometry of the model of the ion channel. The parameters R = 3.5 
Å, H = 10 Å, and εpr = 10 are used in the simulations in this paper. 
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Figure 2.2: In the ‘restricted’ case, four pairs of oxygen ions are restricted to 
four overlapping regions in the selectivity filter along the z-axis of the pore. 
The ion centers are restricted to the following intervals: E1: [-3.6, 0], E2: [-2.4, 
1.2], E3: [-1.2, 2.4], and E4: [0, 3.6]. 
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Figure 2.3: Concentration profiles for oxygen (top row) and free ions (bottom 
row) for three different restrictions of the oxygens. (A) ‘Flexible’ case: the 
oxygen ions are fully mobile inside the selectivity filter, but cannot leave it. (B) 
‘Restricted’ case: four pairs of oxygens are restricted to four overlapping 
regions inside the selectivity filter as shown in Figure 2.2. Profiles with 
different symbols and colors in the top panel of Figure 2.3B refer to these four 
oxygen pairs. The solid black line is the sum of these four profiles. (C) ‘Fixed’ 
case: the eight oxygens are fixed in positions that correspond to the lowest-
energy configuration of a finite sample. The vertical lines in the top panel of 
Figure 2.3C represent Dirac deltas corresponding to these fixed positions. In 
the bottom row, we show the profiles for Na
+
 at [CaCl2] = 0 M (dashed black 
line) and [CaCl2] = 10
−6
 M (thick solid black line). The thin solid red line 
represent the Ca
2+
 profiles for [CaCl2] = 10
−6
 M. (D) ‘Average’ case: is similar 
to Figure 2.3C, but represents the averages of the ten low energy 
configurations.  
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Figure 2.4: The ratio of the Na
+
 concentration profiles for [CaCl2] = 10
−6
 M 
and 0 M for the three cases depicted in Figure 2.3. 
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Figure 2.5: (A) The average number (occupancy) of Na
+
 (decreasing curves) 
and Ca
2+
 (increasing curves) ions as functions of log10 [CaCl2] for the three 
different cases depicted in Figure 2.3. (B) The conductance of Na+ ions 
normalized by the conductance at [CaCl2] = 0 M as a function of log10 [CaCl2] 
for the three different cases. 
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Figure 2.6: Normalized conductance of Na
+
 versus occupancy of Na
+
 in the 
selectivity filter at different CaCl2 concentrations for the three different cases 
depicted in Figure 2.3. The green × symbols represent results for the lowest-
energy ‘fixed’ oxygen configuration used in Figure 2.3. The blue + symbols 
represent results for 10 selected ‘fixed’ oxygen configurations with low 
energies. The pink □ symbols represent averaged results for 10 selected ‘fixed’ 
oxygen configurations with low energies. The numbers near the symbol denote 
the values of log10 [CaCl2]. Na
+
-conductance for a given case is normalized by 
the Na
+
-conductance for that particular case in the absence of Ca
2+
. 
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Figure 2.7: Correlation between Na
+
 conductances normalized by two different 
ways for [CaCl2] = 10
−6
 M. The ordinate shows conductance of Na
+ 
normalized 
by the Na
+ 
conductance in the absence of Ca
2+
 for the ‘flexible’ case. The 
abscissa shows conductance of Na
+ 
for a given case normalized by the Na
+
 
conductance in the absence of Ca
2+
 for that particular case. Symbols have the 
same meaning as in Figure 2.6. 
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Figure 2.8: Concentration profiles of O
−1/2
, Na
+
, and Ca
2+
 for the ‘flexible’ (red 
circles) and the lowest-energy ‘fixed’ (solid black line) cases, as well as cases 
when the oxygens are restricted in spheres of radii Rox centered around the 
‘fixed’ positions (various colored non-solid curves) at [CaCl2] = 10
−6
 M. 
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Figure 2.9: (A) Normalized conductance and (B) occupancy of Na+ ions as 
functions of the spheres confining the oxygens Rox for [CaCl2] = 10
−6
 M. The 
conductance is normalized by the ‘fixed’ (Rox = 0 Å) case.
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CHAPTER 3. PRINCIPLES AND PRACTICE OF SINGLE CHANNEL RECORDING 
3.1. Introduction 
The mechanisms underlying the biophysical properties of ion channel function can be 
understood by measuring their function at the molecular level. Patch-clamp and planar lipid 
bilayer techniques of electrophysiology are used extensively for measuring the function of ion 
channels at the single protein-level (175-179).  The patch-clamp technique measures current 
flowing through single (or multiple) ion channel in intact cell membranes (180, 181)  whereas 
the planar lipid bilayer method measures the current flowing through a single ion channel in 
an artificial lipid membrane (182).  These methods are widely used for single channel 
measurements (183, 184) and have their own advantages as well as disadvantages. 
 In this chapter, the advantages/disadvantages of the patch-clamp and the planar lipid 
bilayer method are discussed. The main components of the bilayer set-up used for recording 
electrical measurements of sub-picoamp range with lowest noise are described. The 
underlying principles of bilayer experiments that have made possible the measurement of the 
function of a single channel protein in a controlled environment are explained.  The critical 
issue of voltage offsets in bilayer experiments is addressed. The sources of voltage offsets and 
the practical approaches followed for handling these offsets are described.
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3.2.  Patch Clamp vs. Planar Lipid Bilayer Method 
The major advantage of the patch-clamp method is its higher electrical resolution. The 
signal to noise ratio is much larger in the patch-clamp method where the area of the cell 
membrane—i.e., the ‘patch’ containing the proteins—is much smaller than the (macroscopic) 
area of a lipid bilayer. Noise varies (approximately) as the capacitance in parallel with the 
channel and capacitance is proportional to area (185-191). The noise advantage of the patch 
clamp comes at a price, however lipids of the cell membrane patches may flow into the pipette 
and exhibit voltage dependence/independence thereby modifying the functional properties of 
many channels (192, 193) and membrane composition. The density of channels and the 
associated specific accessory proteins varies from patch to patch creating unbiological 
variability. Another practical issue with the patch-clamp method is the difficulty in keeping 
the ionic conditions of the cell interior comfortable for the cells so channels can survive. Only 
specialized apparatus allows patch solutions to be changed while maintaining low noise (194, 
195).  
In terms of these issues, the planar lipid bilayer method appears to be more useful 
compared to the patch-clamp method as it provides a better experimental control. Experiments 
can be performed with the planar lipid bilayer method in ionic conditions that are not possible 
to achieve while performing patch-clamp recordings on intact cells. In the planar lipid bilayer 
method, the ionic environments present on both sides of the bilayer can be controlled 
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simultaneously. If required, it is also possible to modify the lipid environment in the planar 
lipid bilayer method. Note that in patch-clamp experiments, protein-protein interactions in the 
membrane may often remain intact affecting the measurements. Therefore, in such situations, 
the planar lipid bilayer method seems to be an appropriate choice. The planar lipid bilayer 
method seems to work best for the functional investigation of channel proteins that can be 
purified from their native cell membranes or from cells that heterologously express the 
channel proteins.  
3.3. Planar Lipid Bilayer Set-Up for Single Channel Measurements 
The planar lipid bilayer set-up shown in Figure 3.1 is uniquely designed to carry out 
single channel measurements in a planar lipid bilayer with great ease, high efficiency and 
quality. It is a smart integrated engineered device making possible the measurement of single 
channel currents in pA range with lowest noise.  The main components of a complete bilayer 
set-up are categorized as mechanical and electrical.  
3.4. Mechanical Components 
The mechanical components include the air table, Faraday cage, experimental chambers, 
perfusion system and stirring devices. 
60 
 
 
 
3.4.1. Vibration Isolation Table 
The lipid bilayer is very fragile and is extremely sensitive to mechanical disturbances 
and vibrations. It is therefore very important to isolate and shield the lipid bilayer from the 
mechanical interference by placing the components of the set-up on a vibration isolation table. 
In the commercially available anti-vibration table or ‘air table’ air cushions are used in the 
table legs supporting a very heavy table top.  These air cushions act as shock absorbers 
damping the mechanical vibrations. The table top is kept afloat by a gas source (nitrogen tank 
or air pump). These air tables are therefore portable, sturdy, and stable. The air tables and the 
table tops are available commercially in a variety of sizes. 
3.4.2. Faraday Cage 
Faraday cage ―a hollow metal box― is used to enclose the bilayer chamber/cup, the 
electrodes, and the headstage of the Axopatch 
© 
amplifier (Molecular Devices, Inc.)  in the 
bilayer set-up. The purpose of Faraday cage is to provide a shielding to the enclosed 
components carrying out pA current measurements from the influence of external 
electromagnetic field. When an external electric field acts on the walls of the Faraday cage, 
the charge carriers within the conductor experience an electric force thus, generating a current 
that rearranges the charges in the metal cage. Once the charges are rearranged, it cancels the 
effect of the external fields inside the metal cage and the current stops. Shielding by a Faraday 
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cage requires connection to ground. If the cage is 'floating' (i.e., infinite impedance to ground) 
it does not shield. 
3.4.3.  Experimental chamber, perfusion system and stirring devices 
The experimental chamber is a crucial component of the bilayer set-up. It consists of 
two sections or compartments that are filled with aqueous solutions separated by an artificial 
membrane. The bilayer chambers are commercially available in various designs. The chamber 
is chosen on the basis of the technique (painted (182) or folded(196)) used to form the 
bilayers. In our set-up we use the painted bilayer technique. The chamber and the stir bars in 
our set-up are purchased from Warner Instruments (197). The design of the chamber is such 
that when equal volumes of aqueous solutions are added in the front and the rear side, the 
height of the solutions is balanced which further, minimizes the mechanical gradients across 
the bilayer.  
The chamber consists of two parts: the basic block and a cup or cuvette. The basic 
block is made from black Delrin (197). There are two wells drilled into the block. The well in 
the rear fits the cup. There is a slight depression (~ 0.5 mm) in the front well or the non-cup 
side in order to confine the motion of magnetic stir bar (coated with Teflon) and to reduce 
mechanical noise artifacts. The volume of the front well is ~3-4 ml. Ports are drilled into the 
side walls of the block for holding the pipette tips filled with Agar and 3 M KCl acting as salt 
bridges for the electrodes.  
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The cup or the cuvette is made from Delrin consisting of a 150 µm diameter hole in 
the front wall and can hold ~ 3-4 ml of aqueous solution. A lipid bilayer is painted across the 
hole. The base of the cup consists of a 0.5 mm well that confines the motion of the Teflon 
coated magnetic stir bar and reduces the mechanical noise artifacts. A viewing window made 
from quartz or glass is fitted in the front well for visualizing the cuvette hole under a lamp 
placed outside the Faraday cage while painting the bilayer.  
The Teflon coated magnetic stir bars that we use in our set-up for stirring solutions in 
the chamber are driven by batteries in order to avoid alternating current interference that is 
likely to be present even with the most shielded power supply. The stirring is turned off while 
recording the measurements to prevent mechanical artifacts. 
One of the major advantages of the planar lipid bilayer technique is the ease with the 
solutions can be exchanged while the experiment is carried out. However, the efficiency of the 
solution exchange technique highly depends on the choice of the perfusion system. An 
efficient perfusion system allows changing solutions present on both sides of the bilayer with 
minimum noise. A perfusion system especially designed to maintain low noise while the 
solution exchange is carried out without breaking the bilayer (194, 195) is integrated in our 
set-up.  
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3.5.  Electrical Components 
The primary electrical components of the bilayer set-up includes the silver-silver chloride 
(Ag/AgCl) electrodes with Agar-salt bridges and the headstage of the Axopatch
©
 200 B 
amplifier (Molecular Devices, Inc.). 
3.5.1. Ag/AgCl electrodes: Design and Operation Principle 
The Ag/AgCl electrode is made of a silver (Ag) wire with a coating of silver chloride 
(AgCl). These electrodes are the most commonly used reference electrodes in biomedical 
applications. The usage of Ag/AgCl electrodes is popular because they are simple to design, 
inexpensive, exhibit relatively low electrode potential and are non-polarizable i.e. their 
electrode potential is quite stable and it does not drift upon passage of current.  
When electric current passes through the electrode a redox reaction occurs between the 
Ag and AgCl described as follows: 
 
-
+ -
Ag Ag  e  
Ag  Cl  AgCl  (precipitate).
     (6) 
Under equilibrium conditions, the solubility product Ks  determining the rate of 
precipitation of silver chloride is the product of Cl
-
 and Ag
+
 activities such that,  
 
s Ag C l
K a a .       (7) 
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The electrode potential arising because of this fast occurring redox reaction in Eq. (6) 
is described approximately by the classical Nernst equation of electrochemistry (198) as: 
 
/  0   
) ln . (
Ag AgC l Ag
RT
V V a
F
         (8) 
From Eq. (7),  
 
/ 0
ln ,
s
Ag AgCl
C l
KRT
V V
F a
      (9) 
or   
 
/ 0
ln( ) ln( ),
Ag AgCl s Cl
RT RT
V V K a
F F
    (10) 
  
where, VAg/AgCl is the electrode potential with respect to the electrolyte solution, V0 refers to the 
standard electrode potential for the chemical reaction (a constant), Ks is the solubility product 
(a constant), R is the gas constant, T is the absolute temperature, F is the Faraday constant and 
a Cl
- 
is the activity of chloride ions in the electrolyte solution (varies with the concentration of 
Cl
-
).  The first and second terms in Eq. (10) are constants and only the third term is dependent 
on ionic activity. The electrode potential of the Ag/AgCl electrode is in fact a chemical term 
that does not fluctuate due to the passing current because Ag oxidation does not contribute 
considerably to the electrode potential. The activity of Cl
-
 (see Eq. 10) is the major contributor 
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since the activity of Ag
+ 
is relatively lower and of the same order of magnitude as the 
solubility product for AgCl, Ks ~ 10
-10
.  Therefore, the Ag/AgCl electrode potential is fairly 
stable when current is passed provided the activity of Cl
- 
remains stable. 
In order to minimize and stabilize the electrode potential (i.e. activity of Cl
-
), the 
Ag/AgCl electrodes are preferably used with salt bridges that contain electrolyte solution with 
higher concentration of Cl
- 
ions. For example, in our bilayer set-up, the electrical connectivity 
between the contents (salt solutions) of the experimental chamber and the amplifier is attained 
through a pair of Ag/AgCl electrodes that are connected via Agar-3M KCl salt bridges where 
one of the electrodes is connected to the amplifier (the voltage side) and the other one to the 
ground (the ground side) as shown in Figure 3.1.  
3.5.2. Axopatch 200 B Capacitor Feedback Patch Clamp Amplifier 
The Axopatch 200 B capacitor feedback patch clamp amplifier (199) is an integral 
component of a bilayer set-up making possible the measurement of sub-picoamp current 
signals with high efficiency, speed, and ultra low noise. The Axopatch 200 B amplifier is the 
most widely used patch-clamp amplifier around the world for conducting single channel 
measurements. The Axopatch 200 B amplifier is based on the novel capacitor-feedback 
technology that enables us to carry out quiet single channel measurements. The Axopatch 200 
B amplifier unit includes a integrating headstage that  operates in both capacitive as well as 
resistive feedback mode and a module or a ‘box’ with a built in circuitry for conducting 
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various pre/post signal processing operations for example, gain adjustment, offset control, 
modes of operation (patch or whole cell etc.). The details of the various controls and related 
settings can be found in the Axopatch manual (199). In the bilayer set-up, the bilayer chamber 
is electrically connected to the headstage of the amplifier via the Ag/AgCl electrodes. The 
headstage has two ends, the front end is for the ground and the rear end referred as the voltage 
is connected to the Axopatch 200 B amplifier module. The principle of operation and 
calibration of the integrating headstage will be described in more detail. 
3.5.2.1. Principle and Calibration of Axopatch 200 B Amplifier Integrating Headstage 
The Axopatch 200B patch clamp amplifier integrating headstage is essentially a 
current (I) to voltage (V) converter; the output voltage is proportional to the current input. The 
integrating capacitive feedback mode of the headstage enables measurements of sub-picoamp 
current signals at lowest noise because a capacitor can be nearly an ideal element thus, 
suitable for single-channel current measurements.  
In the integrating headstage, the current is measured as the rate of change of the 
voltage across a capacitor, Cf shown in Figure 3.2.  The headstage measures the integral of the 
current which is subsequently differentiated to allow measurements of the current itself. The 
capacitive feedback allows a substantial reduction of noise and exhibits better linearity 
compared to the resistive feedback headstage (not shown here). This noise reduction is 
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particularly significant in the frequency band of interest for single- channel recordings (10 Hz- 
10 kHz).   
However, it is worth taking into account that the voltage across the capacitor cannot 
ramp in one direction always and at some point the capacitor voltage will approach the supply 
limits. In such a situation the integrator needs to be reset to start again near zero volts. The 
reset process takes place for the integrator and the differentiator as well interrupting the 
ongoing current measurements. The frequency of these resets depends on the current 
amplitude passed through the headstage. Therefore, larger current will require more frequency 
resets. However, this issue is not encountered while conducting single-channel measurements 
because the average current amplitude is not more than a few pico-amperes and therefore, the 
frequency resets are rare.  
3.5.2.2. Transfer Function of Axopatch 200 B Amplifier Integrating Headstage 
The transfer function is a mathematical representation of the relation between the input 
and output of a system. It describes how the input is transferred to the output as, 
 
Output  ( )
T ransfer Function ( )  = ,
Input ( )
  
where, ω is the angular frequency. 
(a) Transfer function of Integrator  
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     (11) 
where, Vout is the output voltage of the integrator circuit at A, Vin  is the input voltage, If   is the 
current through the feedback capacitor Cf  with impudence Zf , Ip is the current through the 
pipette with resistance Rp. For lipid bilayer experiments, Ip gets replaced by Im (membrane 
current) and Rp by Rm (membrane resistance).    
 
(b) Transfer function of Differentiator 
  
 
'
'
 (  ),
R f fout
o R
in o o o
I R RV
I I
V I Z Z
     (12) 
where, V
’
out is the output voltage of the differentiator circuit at B, V
’
in  is the input voltage, IR  
is the current through the feedback resistor Rf  , Io  is the current through the capacitor Co with 
impedance Zo. 
(c) Transfer function of I-V converter 
 
Multiply Eq. (11) by (12)  
  (  )
I V
f f o f fout
o fI V
in p o f p p
Z R j C R RV
C C
V R Z j C R R
 ,                      (13) 
where, 
I V
out
V is the output voltage of the I-V converter and 
I V
in
V   is the input voltage. 
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f fI V I V
out in cmd
p p
R R
V V V
R R
     (14) 
Therefore, after scaling and offset corrections of 
I V
out
V  from Eq. (14), the current I is measured 
in response to the applied voltage at the input of the I-V converter Vcmd. 
3.6. Voltage Offsets in Single Channel Planar Lipid Bilayer Experiments 
The measured membrane voltage (Vm) in planar lipid bilayer experiments is corrected 
for offset voltages (ΔVoffset) such that, 
 .
offsetcorrected m easured m easured offset offset offset
m m m am plifier electrodes solutions
V V V V V V V  
The primary sources of offset voltages include the amplifier, the silver-silver chloride 
electrodes, and the salt solutions in the experimental chamber. The typical magnitudes for 
amplifier offsets is ± 30 mV, up to 100 mV for electrode offsets (depending on Cl
-
 
concentrations), and up to ± 15 mV for liquid junction potentials at interfaces between 
different solutions. 
3.6.1. Source 1: Axopatch 200 B Amplifier  
The current-voltage converter based amplifier in the bilayer set-up could contribute a 
finite offset to the measured voltage when it draws a finite current at its input in response to 
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the applied voltage such that at 0 mV the current is not zero. The amplifier is tested by 
calibrating it against a dummy circuit with known components. 
3.6.1.1. Calibration of Axopatch 200 B Amplifier Integrating Headstage 
The bilayer set-up is calibrated with an electric circuit module before beginning the 
single channel experiments. The goal is to test and verify the functioning of the integrating 
headstage of the Axopatch 200 B amplifier in the set-up. The electric circuit module also 
referred as the dummy circuit is designed such that it represents the electrical equivalent of a 
lipid bilayer surrounded by salt solutions before a channel protein is added for reconstitutition. 
The dummy circuit consists of a parallel combination of a capacitor (Cm=80 pF) and 
resistor (Rm ~ 10 GΩ) representing the electrical equivalent of a lipid bilayer membrane 
connected in series with a resistor (Re= 100 Ω) representing the resistance of the electrolytes 
in baths. The values of resistors and capacitor for the electrical equivalent representation were 
based on experimental observations. The dummy circuit is connected to the headstage of the 
Axopatch 200 B amplifier set-up such that one end of the circuit module is connected to the 
input terminal of the headstage and its other end is connected to the ground terminal of the 
headstage as shown in Figure 3.3.  
For a given input (step/ramp voltage), the output current generated from the module is 
recorded. The measured current-voltage data is further analyzed for estimating the membrane 
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resistance (Rm) and the time constant (τ) of the bilayer’s capacitive response. The value of Rm 
is determined from the inverse of the slope of the measured I-V curve and compared to its 
known value in the dummy circuit. The time constant τ calculated from the dummy circuit’s 
response to voltage (step/ramp) is compared to the experimental current-voltage response for 
verification of the capacitive response of the bilayer membrane. 
 If all the components of the set-up are configured, the measured values of the current, 
membrane resistance, and capacitive time constant should match with their known values. 
This is how the Axopatch 200 B amplifier headstage is calibrated. In case the output current, 
the passive component values (resistor (s) and capacitor) do not match with their expected 
values then the set-up needs to be investigated systematically for finding out the faulty source.  
For calibration of the Axopatch 200 B amplifier headstage the dummy circuit is 
connected to the headstage and the output current is measured for an input step voltage. The 
accessory settings on the Axopatch 200 B amplifier box (pipette offset adjustment, gain, filter 
frequency and sampling frequency) are kept same as for a real experiment and are not 
changed during the measurements. 
The current flowing in the dummy circuit on application of a step voltage is 
determined. The capacitive time constant is also estimated. 
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The dummy circuit in Figure 3.4 is connected and a step voltage is applied 
representing a typical voltage-clamp experiment where the current is measured in response to 
a fixed applied voltage i.e. step voltage Vs, such that at time t ≥0, Vin = Vs.  
For the circuit shown in Figure 3.4, let I denote the current, Vin is the applied input 
voltage, and Z the impedance. The current I in the circuit is,  
 .
1
in in
m
b
m m
V V
I
RZ
R
j C R
      (15) 
The current I determined in Eq. (15) contains a complex impedance term Z.  
The further analysis is therefore, carried out in the Laplace domain for unit step 
voltage
1
( )
in
V s
s
, the current I(s) in the circuit is given as, 
 
1 1 1 1
( ) ,
( )
1
m
b
m m
I s
Rs Z s s
R
sC R
     (16) 
Inverse Laplace transform of I(s) in Eq. (16) gives I(t) as, 
 .
1
( ) ,
( )
eq mm
b m b m b
t
R CR
I t e
R R R R R
    (17) 
such that  the time constant 
eq m
R C  where, b m
eq
m b
R R
R
R R
. 
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Therefore, for unit step voltage ( ) 1 mV,V t at 0t  the current is  
 
1 1 m V
( 0) 0.01 m A,
100  
b
I t
R
     (18) 
and at ,t the current will be 
 
1 1
( ) ~ ,
m b
m b m
I t R R
R R R
     (19) 
i.e. 
 
1 mV
( ) 0.01 pA,
10  G
I t        (20)  
and the time constant therefore should be ~ 100  80 pF=0.8 nsec ( ).
eq m m b
R C R R  
3.6.1.2. Experiment – Calibration of Axopatch 200 B amplifier headstage using dummy 
circuit module   
The dummy circuit is connected to the headstage of the Axopatch 200 B amplifier as 
shown in Figure 3.3. The control settings on the amplifier panel are adjusted similar to the 
usual single channel bilayer experiment. Output current from the amplifier is measured at 0 
mV as well as in response to ramp voltage (from -100 mV to + 100 mV), Figure 3.5 and 
Figure 3.6 and step voltages (+/-100 mV) (Figure 3.8, Figure 3.9, Figure 3.10, and Figure 
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3.11). The slope conductance is measured from the ramp current (Figure 3.6) recorded in 
response to the ramp voltage protocol as shown in Figure 3.5. The headstage is calibrated 
when the measured current is 0 pA at 0 mV (Figure 3.7, Figure 3.9, and Figure 3.11) and the 
slope conductance estimated from the I-V curve i.e. the membrane conductance (Gm) as 
shown in Figure 3.7 is equal to the resistance 10 G
m
R in the dummy circuit.  
3.6.2. Source 2: Solid-Liquid Junction Potential at Electrode-Electrolyte Interface  
In planar lipid bilayer experiments, an electrical connection between the salt solutions 
in the experimental chamber and the amplifier is established through a pair of Ag/AgCl 
electrodes in presence of Agar-salt bridges. In the bilayer set-up, one of the electrodes 
connects the front of the experimental chamber filled with salt solution to the headstage of the 
Axopatch amplifier representing the voltage side and the other one connects the rear of the 
experimental chamber to the ground representing the ground side via Agar-salt bridges as 
shown in Figure 3.1.   
 It is absolutely essential while using the Ag/AgCl electrodes that they are never in 
direct contact with the salt solutions in the experimental chamber. The foremost reason being 
the sensitivity of the electrode potential to the Cl
-
 concentration in the surrounding solution. 
The electrodes respond to the total electrochemical potential of Cl
-
 that depends on the [Cl
-
] 
further dependent on the electric potential (see Eq. (10)). The electrode potentials drift with 
changing Cl
-
 concentration. The drifting electrode potentials produce a measurable potential 
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difference between the two electrodes contributing a finite current to the output current 
measured.  It is therefore, recommended that the electrodes face a constant ionic environment 
preferably saturated with Cl
-
. Secondly, silver ions are known to be toxic to biological 
preparations and to channel proteins producing irreversible changes.  
In planar lipid bilayer experiments, the voltage offset issue dealing with the stability of 
Ag/AgCl electrode potential and the toxicity of silver ions to the biological preparations are 
handled by using Agar-KCl salt bridges. The Agar-KCl salt bridges are designed using pipette 
tips filled with Agar (2% v/v) and 3 M KCl. Agar is used to keep the silver ions away from 
the bilayer. In salt bridges, the use of KCl is preferred because the mobility of K
+
 and Cl¯ are 
nearly identical resulting in a significantly smaller electrode potential at the solid-liquid 
junction of the Ag/AgCl electrode and 3 M KCl. Further, in presence of the Agar-KCl salt 
bridges the Cl
-
 concentrations match and are constant resulting in electrode potentials at the 
electrode-electrolyte interfaces that are equal in magnitude and opposite in polarity thus, 
canceling out each other. The Agar bridge moves the variable Cl
- 
interface away from the 
silver wire to the end of the salt bridge. 
A small voltage offset still appears due to the imperfect behavior of the 
electrodes/Agar-salt bridges, dirt as well as some unknown reasons. This offset can be 
corrected in the beginning or at the end of every experiment. Before starting the experiment 
i.e. even before painting the bilayer, the pipette offset control on the Axopatch 200 B 
amplifier is tuned until the resulting offset current is nullified. The pipette offset control is a 
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built-in potentiometer injecting a finite current of opposite polarity for cancelling the offset 
current contributed by the electrodes/Agar-KCl bridges. The measurements made can also be 
corrected for offset voltage resulting from the electrode asymmetry at the end of the 
experiments.  
3.6.3. Source 3:  Liquid-Liquid Junction Potential at Electrolytic Interface  
The liquid junction potentials usually of the order of tens of millivolts create a 
considerable offset in the applied voltage at the lipid bilayer during the planar lipid bilayer 
experiments and in the command voltage under voltage clamp or measured voltage in current 
clamp at the cell membrane patch-pipette interface in patch-clamp experiments. Liquid 
junction potential (LJP) is the potential difference that exists at the interface of two ionic salt 
solutions of different concentrations in contact with each other containing ions of different 
mobilities and valence. In a bilayer set-up, LJP appears at the interface of the 3 M KCl in salt 
bridge and the bath solution. Besides the magnitude, the polarity (negative or positive) i.e. the 
direction in which the liquid junction potential correction has to be applied is also important. 
The liquid junction potential correction is a crucial step of data analysis and should be 
carefully executed as it may lead to misinterpretation of important biological ion channel 
functions such as ion selectivity, ion permeability ratios etc. (200-203).  
Depending on the experiment protocol, the liquid junction potential correction can be 
performed online (during the experiment) or offline (at the end of the experiment). For 
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example, in planar lipid bilayer experiments examining the ion selectivity of an engineered 
bacterial outer-membrane channel OmpF, the liquid junction potential correction was applied 
to the measured reversal (zero current) potential at the end of the experiment (55, 204, 57).  
A software package JPCalc used extensively by electrophysiologist (205, 206) is 
commercially available with the Pclamp software for calculating these potentials under 
various experimental settings. The JPCalc software is used widely by electrophysiologist all 
over the word for calculating the liquid junction potentials is based on this classical treatment 
of liquid junction potentials as described by the generalized Planck-Henderson equation. Even 
though this formulation of calculating liquid junction potential is practiced in the 
electrophysiology field yet there are serious issues associated with this approach that are 
difficult to be ignored (assumptions of electroneutrality and steady state) as it may contribute 
to erroneous estimations of the liquid junction potential for voltage offset corrections to the 
measured values of reversal potential determining ionic selectivity of the ion channel.  
3.6.4. Theory of Liquid Junction Potential: Planck-Henderson Equation 
The liquid junction potential can be measured directly. However, these experimental 
values have to be corrected as well. In such a situation it is essential to be able to calculate 
these potentials theoretically and validate the calculated values with the experimental 
measurements. The significance, practical application, experimental measurement, and  
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theoretical calculation of liquid junction potential for voltage offset correction in patch-clamp 
experiments has been addressed in great detail (201, 200, 207, 203, 184, 208, 209). 
The liquid junction potential is developed due to the diffusing ions at the interface of 
the two ionic solutions. In electrochemistry, the diffusive ionic flux under the influence of the 
electrochemical gradient is customarily determined by the Nernst-Planck equation of 
electrodiffusion. The general expression of the diffusion potential or the liquid junction 
potential is derived by assuming a steady state condition where the net electrodiffusive flux of 
ions becomes zero. The ionic fluxes are determined from the Nernst-Planck equation 
including both the independent and the interacting ionic drifts as described by the Onsager 
phenomenological equations (210). The forces governing the electrodiffusive flux of ions at 
the interface of the two solutions correspond to the change in electrochemical free energy 
d G   given as: 
 i
i
i i
t
d G d
z
       (21) 
where,  
i
is the electrochemical potential of ion i, ti  is the transference number  or transport 
number for  the ion i ( defined as the contribution of conductivity made by that ionic species 
divided by the total conductivity i.e. i i i
i
j j j
j
z u C
t
z u C
,  Ci  being the ion molar concentration, 
and  ui  the ion mobility).  The liquid junction potential is therefore, the net electrochemical 
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free energy change obtained by integrating d G from the α phase (ionic solution 1) to the β 
phase (ionic solution 2) given as:  
   i
LJP i
i i
t
V d G d
z
      (22) 
A general expression for the liquid junction potential is obtained by assuming a steady 
state where the net transport of ions at the boundary ceases as the diffusion flux gets balanced 
by the electric flux which implies that the concentrations and the electrostatic potential 
throughout the interface (also static/unchanging) do not vary with time. On the basis of this 
assumption, the net electrochemical free energy change obtained by integrating d G from the α 
phase (ionic solution 1) to the β phase (ionic solution 2) is equated to zero,  
 0  .i
i
i i
t
d G d
z
      (23) 
As both phases are aqueous solutions therefore, the standard chemical potentials in 
phase α and β are equal i.e. 0 0( ) ( )
i i
, 
  ln  = 0i
i i
i ii
t
RT d a t F d
z
      (24) 
since, 1,
i
i
t   
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F z
     (25) 
where, in the general expression for the liquid junction potential VLJP,   is the electric 
potential difference at the interface of the two ionic solutions in contact and the negative sign 
in front of the chemical potential gradient term implies that the resulting electric field opposes  
the diffusion of ions due to the chemical gradient. The integration of Eq. (25) is not trivial 
even after a steady state is assumed (net flux of each ionic species is zero) because the 
variation of ionic concentrations Ci at the interface is not known. It is also not clear how the 
activity coefficients ai and transport number ti vary with Ci.  
The widely used approach for calculating the liquid junction potential is the 
generalized Planck-Henderson equation (198, 210) that essentially integrates Eq.(25) based on 
the assumptions that (a) the concentrations of ions everywhere in the junction are equivalent 
to the activities and (b) the concentration of each ion follows a linear transition between the 
two phases. Under these assumptions, the liquid junction potential is estimated as: 
 
[ ( ) ( )] ( )
ln ,
[ ( ) ( )] ( )
i i
i i i i i
i i i
LJP
i i i i i i i
i i
z u
C C z u C
z RT
V
z u C C F z u C
 (26) 
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where, α and β represents the two electrolytes in contact,  ui  is the mobility of ionic species i, 
zi is the valence,  Ci  is the molar concentration, R is the gas constant, and T is the absolute 
temperature.  
It is worth noting that most experiments using electrochemical cells in the last ~120 
years have used salt bridges to minimize irrelevant effects of changes in bath solutions on the 
potential at the electrodes. The electrodes are bathed in one unchanging solution, typically 3M 
KCl. That solution is connected to the test chamber through U shaped tubes filled with 
concentrated agar (with the consistency of solid Jello) filled itself with 3M KCl. The solution 
on the far side of the U shaped tube (away from the electrode side) is varied.  Ion selectivity 
determination experiments of ion channels, measuring reversal potential thus, depend for 
voltage offset corrections on the potential difference between 3M KCl in agar and the solution 
of variable composition. This potential i.e. the liquid junction potential is almost always 
estimated by the Planck-Henderson Liquid Junction equation (Eq.26). We follow that same 
practice in the experimental part of this work, and use the most sophisticated treatment 
available for the Planck-Henderson liquid junction equation (206). However, as physical 
scientist working the 21st century, with powerful tools of analysis and computation available, 
that were not available to Planck and Henderson, and perhaps with the benefit of some 
accumulated wisdom in the professions, we have further perspectives.  
The Planck-Henderson equation is supposed to be a solution of the Poisson-Nernst-
Planck (PNP) equations, but unfortunately, it is not.  The correct solution of PNP equations 
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can only be evaluated numerically by computationally methods that were not available to 
Planck and Henderson. However, the PNP equations are known furthermore, not to be an 
adequate representation of the properties of most salt solutions, certainly those with divalents, 
those that are mixtures, or even pure monovalent solutions of concentration larger than some 
0.1 M as quoted by W. Kunz “It is still a fact that over the last decades, it was easier to fly to 
the moon than to describe the free energy of even the simplest salt solutions beyond a 
concentration of 0.1M or so (211)”.  
Excess chemical potentials (or ion activities) are large and cannot be ignored in such 
solutions. The finite size of ions is an important cause of excess chemical potentials, and other 
effects are involved as well. Excess chemical potential means by definition any component of 
chemical potential beyond the ideal.  Some of the papers that present numerical solutions of 
PNP point out other assumptions of PNP that may be in error. For example, PNP ignores all 
convective flow and it is well known that tiny amounts of convection can have larger effects 
on concentration gradients produced by electrodiffusion (212). Indeed, it is not obvious that 
the solution of the full problem of the liquid junction potential including convection set up by 
the connection of 3M KCl (in agar) to the varying solution has a steady state solution at all.  
Until recently, there was no way (known to us) to deal with the full convective flow of 
electrolyte solutions, including convection, migration, and diffusion. The variational approach 
of Chun Liu has been applied to ionic solutions to create such a theory. The theory can in fact 
83 
 
 
 
be solved numerically for cases like that of the liquid junction potential (213), but the utility 
of the solutions and theory is not yet known. 
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Figure 3.1: Bilayer Setup for single channel measurements: The cis (ground) 
and trans (voltage) compartments are filled with aqueous salt solutions. The 
chlorided silver (Ag/AgCl) wires are the electrodes connecting the baths via 
Agar-KCl salt bridges. An artificial lipid bilayer is painted over the aperture. 
The voltage applied across the lipid membrane is Vm = Vtrans- Vcis. Protein 
solution (~0.1-0.2 µl) is added to the cis compartment and stirred for initiating 
the incorporation of a single channel into the bilayer. 
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Figure 3.2: Capacitive headstage of the Axopatch 200 B amplifier. Circuit 
diagram representing the principle components of the headstage i.e. the 
integrator (output A) and the differentiator (output B). The command potential 
is Vp and the corresponding current measured after offset and scaling is I.   
A B 
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Figure 3.3:  Dummy circuit for calibrating the headstage, Rm  = 10 GΩ, Cm = 
80 pF (electrical equivalent of the lipid bilayer), and Rb = 100 Ω (electrical 
equivalent of the bath solutions).  
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Figure 3.4: Dummy circuit connected to a voltage source generating step 
voltage Vs (voltage clamp), Rm  = 10 GΩ, Cm = 80 pF (electrical equivalent of 
the lipid bilayer), and Rb = 100 Ω (electrical equivalent of the bath solutions). 
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Figure 3.5: Ramp voltage protocol. Voltage is stepped down from 0 mV to - 
100 mV after ~ 1 second. Voltage stays at -100 mV for 2 seconds and then 
ramped to + 100 mV for ~ 2 seconds staying at + 100 mV for 2 seconds before 
being set back to 0 mV. 
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Figure 3.6: Calibration of the headstage via dummy circuit shown in Figure 
3.3. Output current measured in response to the ramp voltage protocol shown 
in Figure 3.5. The current trace shown is filtered digitally at 300 Hz. 
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Figure 3.7: Current-voltage trace from Figure 3.6, for determination of the slope 
conductance given as 
Δ I (pA)
G  (nS) =
Δ V (mV)
m
, over the – 100 mV to + 100 mV 
range is shown. The value of membrane resistance or seal resistance is 
measured as
1
~ 10  G
m
m
R
G
. At 0 mV, the output current is 0 pA. 
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Figure 3.8: Positive step voltage protocol where voltage is stepped up from 0 
mV to + 100 mV in less than 1 second and stepped back to 0 mV after 4 
seconds. 
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Figure 3.9: Step current response at +100 mV (step voltage shown in Figure 
3.8) recorded for the dummy circuit shown in Figure 3 connected to the 
headstage. The “spikes” seen at the beginning and at the end of the current 
trace represent the instant charging and discharging of the capacitor Cm. The 
measured current value at a constant voltage of + 100 mV is + 10 pA in 
agreement with the value as estimated from Eq. (20), where Vin = + 100 mV. 
The current trace is filtered digitally at 300 Hz. 
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Figure 3.10: Negative step voltage protocol where voltage is stepped down 
from 0 mV to - 100 mV in less than 1 second and set back to 0 mV after 4 
seconds. 
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Figure 3.11: Step current response - 100 mV (step voltage shown in Figure 
3.10) recorded for the dummy circuit in Figure 3 connected to the headstage. 
The “spikes” seen at the beginning and at the end of the current trace represent 
the instant charging and discharging of the capacitor Cm. The measured current 
value at a constant voltage of - 100 mV is -10 pA in agreement with the value 
as estimated from Eq. (20) where Vin = - 100 mV. The current trace is filtered 
digitally at 300 Hz.
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CHAPTER 4. SINGLE CHANNEL MEASUREMENTS OF N-ACETYLNEURAMINIC 
ACID-INDUCIBLE OUTER MEMBRANE CHANNEL IN ESCHERICHIA COLI  
4.1. Introduction 
Purified porins from the outer-membrane of bacteria are easily available in large 
amounts. The intrinsically strong structure of the β-barrels enables the porins to resist 
chemical and mechanical stress and probably make the protein easier to crystallize. The 
structures of many porins are now known, including the classical porins OmpF, PhoE (214) 
and OmpC (215), as well as the specific porins LamB (216) and TolC (217). The nonspecific 
general porins were the first membrane proteins crystallized for X-ray diffraction (218). 
Indeed, more porin structures are known than of any other class of membrane passive 
transporters. The biophysical and biological functions of bacterial outer-membrane porins 
have been characterized through state of the art electrophysiological techniques such as patch-
clamp and planar lipid bilayer reconstitution (219). The molecular mechanisms for the diverse 
roles and survival of porins thus, can be studied using structural and functional measurements, 
and molecular modeling. The detailed characterization of porins reveals the fundamental 
mechanisms that determine the functional properties of physiological ion channels at the 
molecular level and helps in the design and construction (i.e., ‘engineering’) of porins with 
desired functions (220, 55, 221, 57).  
In this chapter, the functional properties of a sialic acid specific outer membrane porin 
NanC of E. coli are characterized using electrophysiological methods. The goal is to
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 characterize the biophysical properties of NanC and determine the experimental conditions 
necessary for the measurement of transport of sialic acid in bilayer setups. The biophysical 
conditions that produce biological transport are investigated. The ionic conditions suitable for 
single channel measurements of NanC in an artificial lipid bilayer are determined and then the 
ion selectivity and conductance of the channel are measured.  
NanC is named because it is a N-acetylneuraminic acid (Neu5Ac) inducible channel. 
N-acetylneuraminic acid is one of the family of naturally occurring sialic acids that include 
more than 40 nine carbon negatively charged sugar moieties (67). The sugars are found 
primarily at the terminal positions of many eukaryotic surface-exposed glycoconjugates. 
Many commensal and pathogenic bacteria are known to use the sialic acids of the host as 
sources of carbon, nitrogen, and amino sugars. The ability of the bacteria to colonize, persist 
and cause disease (68, 69) depends on their ability to use sialic acids in many cases.  
The most abundant and well studied sialic acid is N-acetylneuraminic acid, Neu5Ac. If 
general porins OmpF/OmpC are not expressed by the E. coli bacteria (as is often the case 
(70)), NanC must be present (i.e., it must be induced) to promote efficient uptake of Neu5Ac 
across the outer membrane. Induction of NanC is important to the bacteria in its real life. 
Induction is not an artificially contrived situation that only occurs in the laboratory. Most of 
the animal tissues contain free sialic acid (69). When the general porins OmpF/OmpC are not 
expressed by the bacteria, a channel like NanC allows efficient uptake of sialic acid.  
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Multiple approaches have been followed for demonstrating the functional necessity of 
induction of these specific uptake systems under particular environmental conditions (63, 
222). The classical approaches monitoring the expression and role of specific porins include: 
1) growth experiments and 2) liposome swelling experiments.  Under the growth experiment 
approach the role of a specific membrane protein (or a transport system)  in the uptake of a 
primary solute into bacteria is demonstrated by monitoring the growth of the wild type and 
‘knock out’ mutant bacterial strains (missing specific proteins). The growth is studied under 
controlled conditions in external solutions (‘growth media’) enriched or deprived of a 
particular solute for example, the maltodextrin specific transport system in E. coli (223). In 
the liposome swelling experiment the specificity of a membrane protein for a particular solute 
is demonstrated by the monitoring the swelling rate of protein containing liposomes in various 
solutions for example, the LamB protein of E.coli  (224).  
These classical techniques are responsible for most of our knowledge of transport in 
bacteria and set the stage for biophysical analysis of specific uptake systems. Biophysical 
analysis is needed to reveal the mechanistic details of the uptake system at molecular and 
atomic resolution. For example, membrane proteins must be characterized using the patch-
clamp or the planar lipid bilayer methods of channel biology to unravel the underlying 
mechanisms transport through single protein molecules (176, 184).  
Recently, a high resolution structure of NanC has been reported (58). The structure of 
NanC shares many of the characteristic features of other outer membrane channel proteins. 
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NanC is a monomer, a 12-stranded β-barrel with a relatively narrow pore of average radius 
3.3Å. However, NanC is also different in many ways from other porin structures. In most of 
the porins, ‘loop’ partially occludes the pore region and is the most obvious location where 
specific interactions and gating might occur. Interestingly, NanC has no ‘loop’ occluding the 
pore. The pore region of NanC is predominately decorated by positively charged residues that 
are arranged to form two positively charged tracks facing each other across the pore. This 
particular arrangement of the positively charged residues in the pore region seems to help the 
negatively charged Neu5Ac (carboxylate group (COO
-
) of Neu5Ac deprotonated at 
physiological pH, pKa ~ 2.6) to move through NanC. The positively charged tracks are likely 
to guide the movement of negatively charged solutes. 
Interestingly, the earlier functional measurements of NanC carried out using patch-
clamp experiments were unable to demonstrate any significant change in the function of NanC 
in the presence of even large concentrations of Neu5Ac, up to 50 mM (70). The high 
resolution structure suggests one explanation for this finding. The structure shows many basic 
(positive) side chains that would be screened (71) in the high salt concentrations used in these 
earlier measurements. Structural measurements also show HEPES binding to NanC. Two 
HEPES molecules were immobile enough under crystallizing conditions to produce 
diffraction in the crystal structure, one near each end of the channel. Binding strong enough to 
crystallize HEPES in place in a channel is likely to modify current flow through the channel.  
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4.2. Methods 
4.2.1. NanC expression and purification 
NanC was expressed and purified as reported previously (58). In short, NanC was 
expressed in BL21/Omp8 strains. After cell disruption, the whole membranes were pelleted 
by ultracentrifugation (1h at 100000g). The inner membrane was solubilized using 1% 
Lauroyl sarcosine and the remaining outer-membrane was collected by ultracentrifugation. 
NanC protein was solubilized from the membrane by iterative extractions using increasing 
concentrations of Octylpolyoxyethylene (OPOE). NanC was then purified using anion- 
followed by cation-exchange chromatography. A final size exclusion chromatography 
(Superdex75, GE healthcare) allowed exchanging the buffer to 10mM Tris pH 8.0, 150mM 
NaCl and 1% OPOE in which the protein was stored. 
4.2.2. Electrophysiology: Planar Lipid Bilayer Experiments 
Planar lipid bilayer method is used to measure the functional properties of purified 
channel protein NanC. We reconstitute a single NanC into a preformed lipid bilayer in a set-
up shown in Figure 3.1. Planar lipid bilayers can be formed in three ways. The first is the 
painted or the Mueller-Rudin technique (182) , the second is the folded or the Montal-Mueller 
(196)  technique and third is a variation of the Montal-Mueller technique known as the 
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Schindler technique (225). We use the painted technique to form the planar lipid bilayer. In 
this method lipid bilayer is formed by painting a lipid solution across a 150 m diameter 
aperture in the cup. The stability of the lipid bilayer is increased if the aperture is pretreated 
(‘primed’) with the lipid solution before the bilayer is formed. The lipid solution is made of 
phospholipids DOPE: DOPC in a 4:1 ratio (v/v) dissolved in solvent n-decane (10 mg/ml). 
The solvent orients the monolayers of lipids to form a bilayer. Initially, a thick film of lipid 
solution is formed that eventually thins out as the solvent evaporates and a lipid bilayer is 
obtained. A ‘healthy’ (presumably thin) lipid bilayer is essential to ensure the incorporation of 
the protein. Membrane thickness is measured by membrane capacitance. In our set-up, the 
electrical capacitance of a ‘healthy’ lipid bilayer is 60pF-80pF with a specific capacity of ~ 
0.4-0.6 µF per cm
2
.  
Membrane proteins are reconstituted into the bilayer in different ways depending on 
their water solubility. Three commonly used methods are: 1) direct fusion of ‘pure’ proteins, 
2) fusion of protein-containing liposomes with preformed bilayers (226, 227) and 3) spreading 
of protein containing liposomes at air-water interface (228, 229). We used direct fusion to 
reconstitute a single NanC into the lipid bilayer. Note that membrane proteins are often not 
water soluble and therefore, detergent is added to its stock solution to make a soluble mixture 
of protein and detergent. The effect of the detergent on protein function must be checked, in 
every case. We use a stock solution of ~ 1.1 g/ml of the purified NanC in 150 mM NaCl, 10 
mM Tris, pH 8.0 containing 1 %( v/v) n-OPOE detergent. We add ~0.1-0.2 l of the stock 
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solution to the cis or ground side of a stirred solution to reconstitute NanC. The ground side is 
the side of the bilayer connected through a bath electrode to zero (ground or earth potential). 
In our set-up Ag/AgCl electrodes are used to connect (1) the solutions in the cis 
compartment to ground and (2) the trans compartment (the voltage side of the bilayer) to the 
patch clamp amplifier. Ag/AgCl electrodes are stable, robust and the most commonly used 
electrodes in electrophysiology but they respond to the free energy (per mole) of Cl¯, i.e., to 
the activity of Cl¯. They respond to Cl¯ concentration as well as electrical potential, 
approximately as described by the classical Nernst equation of electrochemistry (198). The 
Ag/AgCl electrodes are isolated from bathing solutions by Agar bridges (2%) containing 
(typically) 3M KCl. The 3M KCl provides a fixed stable Cl¯ concentration to the Ag/AgCl 
wire so the electrode potential is stable and minimum. The changes in electrical potential in 
the wire are produced by changes in the electrical potential not by changes in the chemical 
potential (i.e., concentration) of Cl¯ because the chloride concentration is constant in this 
setup. A (so called liquid junction) potential appears of course at the interface of the 3 M KCl 
Agar with the bath solutions. This potential is small because the mobility of K
+
 and Cl¯ are 
nearly equal. The small offset potential is calculated by custom from reduced models of liquid 
junction potentials that use the generalized Henderson liquid junction potential equation (230, 
198, 200-202, 231). This equation is not customarily derived by mathematics from the 
appropriate description of nonideal solutions (necessary when salt concentrations are high as 
they are in and near the salt bridge). We look forward to such work in the future. The Agar 
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bridge has the further advantage that it keeps Ag
+
 ions away from the bilayer and 
reconstituted channel. Ag
+
 ions can be toxic (i.e., produce irreversible changes) to channels in 
very low concentrations. 
4.2.3. Pulse Protocol and Data Analysis  
Conductance is determined from measurements of current through a fully open single 
channel. The voltage across the channel follows a ramp time course: the voltage is a linear 
function of time as it ranges in amplitude from -100mV to +100mV in ~2 seconds, see Figure 
3.5. The amplitude of the single channel current and the probabilities that the channel is open 
or closed are also measured in another set of experiments in which the potential is changed 
from one value to another. Step voltage pulses are of varying amplitudes/durations for 
example, 3 and 10 seconds long +/-100 mV, +/-150 mV and +/-200mV step voltages as 
shown in Figure 3.8 and Figure 3.10. The data being recorded is low-pass filtered at 2 kHz 
using the built-in analog low-pass Bessel filter in the Axopatch 200B amplifier (Molecular 
Devices, Inc.) and is sampled or digitized at the 5 kHz rate that the Nyquist sampling theorem 
implies is needed to avoid aliasing. After the recording, the recorded data is filtered digitally 
(at 300/500 Hz) for further analysis using the low pass 8-pole digital Bessel filter in the 
PClamp software, version 10 Molecular Devices, Inc.   
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4.2.4. Leakage subtraction and offset current correction  
There are two main corrections performed on the recorded single channel current-
voltage traces after the digital filtering. This post-filtering correction of the single channel 
recordings includes the leakage subtraction and offset current correction. 
Before the addition of protein sample, the control or the baseline current Figure 4.1B 
is measured in response to the same voltage (ramp and step) pulse protocol in the same ionic 
conditions as the experimental recordings.  
Leakage is defined as the current that ‘leaks’ or flows through the lipid bilayer 
(without a channel) and is measured as the conductance of the control or the baseline current 
trace. The leakage conductance is determined by estimating the slope of the baseline current 
trace recorded for the same voltage pulse protocol that is applied while measuring the 
corresponding single channel current recordings, for example, a definite voltage in case of 
step pulse protocol or over a range of voltages for the ramp protocol.  
The single channel current-voltage recordings are thus corrected for leakage by 
subtracting the corresponding measured leakage conductance from the filtered single channel 
current traces. This procedure is necessary in case the leakage conductance has nonlinear, ion 
dependent, and/or time dependent behavior. One must not assume the leakage conductance to 
be a fixed constant value resistor. 
Under symmetric ionic conditions i.e. when equal concentrations of ions are present 
on both sides of the bilayer, the current flowing through the single channel in a bilayer should 
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be equal to zero at 0 mV because the system is passive. However, under experimental 
situations various asymmetries in apparatus usually drive a finite current even when the baths 
are identical. Current offset is this ‘residual’ current that flows through the single channel in 
bilayer at 0 mV under symmetric ionic conditions. 
The single channel current-voltage recordings under symmetric ionic conditions are 
corrected for current offset (that arises from external artifactual sources) by subtracting the 
corresponding measured residual current from the filtered single channel current traces.  
However, under asymmetric ionic conditions i.e. when unequal amount of ions are 
present on both sides of the bilayer the offset current is determined from the control or the 
baseline current that is measured before the channel protein is incorporated. The offset current 
under asymmetric ionic conditions contains the artifactual offset current already described. It 
also contains a diffusive current that flows through the leakage conductance due to the ionic 
gradient across the lipid bilayer and leakage conductance. The single channel current-voltage 
recordings under asymmetric ionic conditions are therefore, corrected for current offset by 
subtracting the corresponding measured diffusive current from the filtered single channel 
current traces.  
The potential difference (V) is defined as,
trans cis
V V V  where cis represents the 
ground side of the chamber and trans is where we apply the voltage. A positive (outward) 
current (I) is defined as a flux of positive charge from trans to cis.  
The measurement of reversal potential Vrev determines the ion selectivity of the 
channel in a predefined ionic gradient. The measured Vrev is corrected for measured liquid 
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junction potentials (LJP, mentioned in the figure legends where applicable). The LJP is 
determined from the Junction Potential Calculator (JPCalcW) made available by Molecular 
Devices, Inc. with their PClamp package (205, 206) based on publications(200, 201, 205). 
Conductance is defined as the slope conductance of the fully open single channel in 
presence of equal concentration of ions on both sides of the bilayer measured over a 60 mV 
interval ranging from -30 mV to +30 mV. We have carried out the single channel 
measurements of slope conductance of NanC in symmetric ionic conditions i.e. in presence of 
equal concentrations of ions on both (cis and trans) sides of the bilayer because these 
conditions simplify the experimental behavior that any theory or simulation of non-
equilibrium behavior will show. Moreover, using equal ionic concentrations (i.e. symmetrical 
solutions) provides dimensional reduction of the complexity of the system (theory or 
simulation or experiment for that matter) to thermodynamic equilibrium. Note that when 
flows are zero the behaviors are much easier to simulate or analyze. 
4.3. Results  
We have investigated the function of a single channel protein NanC in an artificial 
lipid bilayer using the planar lipid bilayer technique in order to identify appropriate ionic 
conditions that will permit the study the proposed biological role of NanC in the transport of 
Neu5Ac across the outer-membrane of E. coli (70, 58).  
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While searching for experimental conditions for single channel studies of NanC, we 
found that NanC is an anion selective channel that exhibits voltage-dependent gating and has 
a large conductance. Moreover, NanC operates in two-modes. In the first mode, a single 
channel of NanC has two states, i.e., one open state and one closed state. In the second mode, 
NanC exhibits two distinct open states that we call sub-conductance states and one closed 
state. The second mode of NanC occurs in only a small fraction experiments but we have seen 
the mode many times nonetheless. Although we do not yet understand the ‘second’ mode of 
NanC, it seems that both modes of operation are native to NanC’s behavior: all the gating 
mechanisms of NanC are still unknown. It seems that NanC is an excellent preparation to 
study the molecular and atomic basis of gating. 
We also find that NanC interacts strongly with the HEPES buffer. NanC interacts so 
strongly that HEPES actually decreases the ionic current carried by NanC. These experiments 
are easy to understand given our structural knowledge of NanC. The NanC structure contains 
two HEPES molecules bound to the channel. Since we do not wish to study a blocked 
channel, we explored using alternative pH buffers instead of HEPES. We found that the 
(classical inorganic) phosphate buffer (a commonly used buffer in electrophysiology 
experiments of anion channels) interfered with the channel’s ionic conductance and TRIS 
(another commonly used buffer) damaged the Ag/AgCl electrodes in our set-up, even though 
the electrodes were separated from the buffer by an Agar/KCl bridge.  
Therefore, we decided to study NanC in ionic solutions of concentration ~ 250 mM 
that are adjusted to pH 7.0 but without using a pH buffer. This is the only way we could study 
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a channel that was not blocked, assuming of course that the ~10
-7
M hydroxyl ion present in 
water at pH 7.0 does not itself block. 
In Figure 3.1 we have shown the main components of the bilayer set-up used to 
perform the single channel measurements of NanC in an artificial lipid bilayer (see Methods). 
The recording voltage pulse protocols used throughout the study for the single channel 
measurements of NanC in lipid bilayer are the ones that were shown in Figure 3.5, Figure 3.8, 
and Figure 3.10. There are two main kinds: the step pulse protocol (Figure 3.8 and Figure 
3.10) and the ramp protocol (Figure 3.5).  In step pulse protocols, the recordings are made at a 
fixed voltage i.e. +/-100 mV, +/- 150 mV etc.  for a definite time interval for example, 3 
seconds or 10 seconds. In ramp pulse protocol, the recordings are made in order to capture the 
single fully open channel current –voltage behavior by measuring recordings for a range of 
voltages where the channel is expected to be mostly open, for example, from + 100 mV to – 
100 mV. The duration of the voltage ramp is ~ 2 seconds.  
We show the sequence of steps used to measure the slope conductance of single 
channels of NanC in lipid bilayer in  Figure 4.1.  First, the ‘baseline’ current as shown in B is 
measured i.e. the current flowing through the lipid bilayer before a channel is reconstituted in 
response to the voltage ramp pulse protocol shown in A.  The current measured through the 
reconstituted single channel NanC in bilayer is shown in C. The offset and the leakage current 
correction as described in the Methods Section is carried out and the resulting the single 
channel current-voltage trace is shown in D. The slope is measured in the voltage-range 
denoted by the dashed lines and gives the unit conductance of NanC. The ionic conditions for 
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this representative experiment were symmetric i.e. equal ion concentration on both sides of 
the bilayer 500 mM KCl, 20 mM HEPES, pH 7.4. 
Figure 4.2 and Figure 4.3 show the voltage dependent gating of the NanC channel. The 
single channel measurements of NanC at +/- 100 mV and +/- 200 mV are shown in symmetric 
500 mM KCl, 20 mM HEPES, pH 7.4. NanC is mostly open at voltages ≤ 100 mV and closes 
at voltages ≥ 200 mV in bilayer. The corresponding single channel current amplitudes 
determined from the amplitude histogram analysis of the current traces are shown. 
The effect of the buffer HEPES on the single channel conductance and the ionic 
current carried by NanC in bilayer is shown in Figure 4.4. HEPES reduces the single channel 
conductance of NanC significantly. The “blocking” action of HEPES is not surprising and has 
been observed earlier in other anion channels as well (232, 233). HEPES alters the 
functioning of NanC and therefore, the native functional properties of NanC need to be 
investigated without HEPES.  
Figure 4.5 shows the single channel current-voltage behavior of NanC measured in a 
range of KCl concentration solutions (100 mM – 3 M) without any buffer. We observe that 
the single channel current carried by NanC increases with increase in KCl concentration. 
From these measurements, we chose 250 mM for further experiments. At larger salt 
concentrations (≥ 500 mM), the electrostatic charge screening dominate, altering the net 
charge of the ‘pore’ region and the function of NanC. 
Figure 4.6 shows the reversal potential used to determine the ion selectivity of a single 
NanC in the bilayer. We anticipate charge selectivity from the crystal structure of NanC that 
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shows two tracks of positively charged residues in the pore region. The Nernst potential is a 
measure of the gradient of chemical potential. If NanC were a cation channel, then Vrev = EK
+
.  
If NanC were an anion channel, then Vrev = ECl
-
. The negative direction of current at 0 mV and 
the measured value of the Vrev (close to ECl
- 
) indicate that NanC is is an anion channel. It is 
more selective for the anion Cl
-
 than the cation K
+
. Table 4.1 shows reversal potentials for 
single NanC in bilayer under different ionic gradients. 
The second mode of function of single NanC in bilayer is shown in Figure 4.7. The 
two distinct sub-conductance levels are seen here and the corresponding amplitudes at +/-100 
mV are determined from the amplitude histograms. The distinct sub-conductance levels are 
not observed in the first mode, see Figure 4.2.  
4.4. Discussion and Conclusions 
The single channel bilayer experiments of NanC reveal the biophysical properties of 
ion selectivity, conductance and gating. NanC functions as a monomer, exhibits large 
conductance, anion selectivity and has two distinct modes of function (with or without sub-
states). These experiments have been successful in identifying the native behavior of a single 
NanC in bilayer and suggested the ionic conditions (salt concentration and pH buffer) that 
seem to be appropriate for characterizing sialic acid transport through NanC.  
 The interactions of the commonly used pH buffers in electrophysiology experiments 
(HEPES and phosphate) with NanC are interesting. HEPES binds to the pore region (as seen 
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in the crystal structure) and actually decreases the ionic current carried by a single NanC in 
bilayer. The measurements that we report here are thus carried out in ionic solutions adjusted 
to neutral pH without any buffer. We have been careful to measure the pH of the ionic 
solutions before and at the end of the experiment to be sure that the pH has not drifted. We 
found no drift and so we can carry out the measurements of biological function of NanC 
without buffer. We can measure Neu5Ac transport in salt solutions at concentration around 
250 mM, pH 7.0.  
However, for future functional studies of NanC we may still need to explore a variety 
of pH buffers in order to identify a buffering agent that has the least interaction and does not 
modify NanC’s function in lipid bilayer.  
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Figure 4.1: Measurement of single channel slope conductance of NanC in lipid 
bilayer. A. Ramp voltage pulse protocol. Voltage is stepped down from 0 mV 
to - 100 mV after ~ 1 second. Voltage stays at -100 mV for 1 second and then 
ramped to + 100 mV for ~ 2 seconds staying at + 100 mV for 1 second before 
being set back to 0 mV. B. Baseline current recorded in response to the ramp 
voltage pulse protocol as shown in A, through the lipid bilayer before the 
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Figure 4.1(contd.) : channel reconstitutes in symmetric (i.e. same ionic 
conditions in cis and trans) 500 mM KCl, 20 mM, pH 7.4. Baseline current 
trace filtered digitally at 300 Hz is shown. C. Single channel current recorded 
as NanC reconstitutes in the lipid bilayer. Single channel current trace filtered 
digitally at 300 Hz is shown. D. Single channel current (I) –voltage (V) trace 
shown after correction for leakage and offset currents following the procedure 
as mentioned in the Methods section. Dashed lines represent the -30 mV to + 
30 mV range chosen for determining the slope conductance given as 
Δ I (pA)
g (nS) =
Δ V  (mV )
, where g is the single channel conductance obtained as the 
slope of I-V trace over the 60 mV range. The measured single channel slope 
conductance of NanC in symmetric 500 mM KCl, 20 mM HEPES, pH 7.4 is 
215.80 ± 0.96 pS, (N = 15). N is the number of measurements. 
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Figure 4.2: Single channel current of NanC in bilayer in the presence of 
symmetric 500 mM KCl, 20 mM HEPES, pH 7.4 shown at step voltages of + 
100 mV shown in A and -100 mV in B, respectively. Dashed lines represent 
the zero current level. The corresponding single channel amplitudes are 14.75 
pA at + 100 mV and -26.08 pA at -100 mV determined from amplitude 
histogram analysis shown in C and D respectively. In bilayer at +/-100 mV 
step voltages single channel NanC is mostly open and exhibits asymmetric 
(non-equal) conductances. 
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Figure 4.3: Single channel current of NanC in the bilayer in the presence of 
symmetric 500 mM KCl, 20 mM HEPES, pH 7.4 shown at step voltages of + 
200 mV shown in A and -200 mV in B respectively. Dashed lines represent the 
zero current level. The corresponding single channel amplitudes are 27.71 pA 
at + 200 mV and -53.78 pA at -200 mV determined from amplitude histogram 
analysis shown in C and D of Figure 4.2 respectively. In the bilayer step 
voltages of +/-200 mV produce closing of NanC. 
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Figure 4.4: Effect of the buffer HEPES on single channel current carried by 
NanC in bilayer. A. Single channel current (I)-voltage (V) traces measured in 
presence of varying concentration of the buffer HEPES (0 mM (control in 
black), 5 mM (red) and  100 mM (green))  in 250 mM KCl on both sides of the 
bilayer shown. The current traces are filtered digitally at 300 Hz. B. Single 
channel I-V-C traces vs. the concentration of HEPES in 250 mM KCl on both 
sides of the bilayer. The single channel current decreases as the concentration 
of HEPES is increased with 250 mM KCl on both sides of the bilayer. HEPES 
binds to the channel’s pore and reduces the unitary current as shown in A and 
B. The current traces are filtered digitally at 300 Hz. C. Single channel slope 
conductance measured as the concentration of HEPES is varied from 0 mM to 
100 mM in 250 mM KCl on both sides of the bilayer. The unitary slope 
conductance decreases significantly as the concentration of HEPES increases. 
N is the number of measurements and the error bars represent the standard 
error of the mean. D (i) and D(ii). Control- Single channel current carried at 
+200 and -200 mV in presence of symmetric 250 mM KCl, pH 7.0 without 
HEPES. E(i) and E(ii). Single channel current carried at + and – 200 mV 
respectively in presence of symmetric 250 mM KCl, 100 mM HEPES, pH 7.0. 
The unitary current decreases by ~50 % compared to the control (0 mM) 
because of HEPES. Long closures are seen at +/- 200 mV. The current traces 
are digitally filtered at 500 Hz. 
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Figure 4.5: Single channel current (I) – voltage (V) traces measured in 
presence of symmetric KCl (from 250 mM to 3 M), pH 7.0 (without buffer). B. 
Single channel I-V-C traces shown as KCl concentration is varied from 250 
mM – 3M, pH 7.0. The unitary current carried by NanC in bilayer increases as 
the concentration of KCl is increased. The current traces shown in A and B are 
filtered digitally at 300 Hz. C. Unit slope conductance of NanC determined in 
KCl salt solutions from 100 mM to 3M, pH 7.0 (without buffer). N denotes the 
number of measurements and the error bars (too small to be seen) is the 
standard error mean. The unit slope conductance is determined over the 60 mV 
range as described in the methods section. The curve in solid line is obtained 
through polynomial fitting to the measured unit slope conductance data. The 
single channel slope conductance of NanC increases as the KCl concentration 
is increased. From these measurements, we chose 250 mM KCl, pH 7.0 
(without buffer) as the working solution for further experiments. D. 
Normalized conductance decreases as salt concentration increases. 
122 
 
 
 
 
 
Figure 4.6: Measurement of reversal potential of single NanC in bilayer in 
presence of 250 mM KCl (cis) and  3 M KCl (trans) shown. The calculated 
Nernst potentials EK
+
 and E Cl
-
 are compared to the measured Vrev. At 0 mV, the 
current is negative and V
*
rev (corrected for Liquid Junction Potential (LJP)) is 
close to E Cl- indicating the anion selectivity of NanC. The current trace shown 
is filtered digitally at 300 Hz. 
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Table 4.1: Measurement of ion selectivity of single NanC in bilayer. Reversal 
potential Vrev measured in presence of ionic gradient in cis (250 mM KCl, pH 
7.0) and trans (1 M/ 3 M KCl, pH 7.0) compartments compared to the 
calculated Nernst potentials EK
+
 and ECl
-
 under those conditions. The measured 
Vrev indicates the anion selectivity of NanC. Vrev
*
 is the reversal potential 
obtained after correction for the liquid junction potentials along with the 
standard error of the mean. N denotes the number of measurements. 
 
 
 
                
 
Expt. cis 
(ground) 
KCl (mM) 
trans 
(voltage) 
KCl  (mM) 
LJP 
(mV) 
E Cl
-
  
(mV) 
E K
+
 
(mV) 
Vrev 
*
 (mV) 
1 250 1000 -0.7 + 35 -35 +15.89±1.01 
(N = 2) 
2 250 3000 -1.2 + 63 -63 +28.31±0.37 
(N = 9) 
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Figure 4.7: The two distinct sub-conductance states of single channel NanC in 
bilayer shown in symmetric 250 mM KCl, pH 7.0 at + and – 100 mV voltages 
in A and B respectively. The amplitudes of the two current levels shown in C 
and D are determined from the amplitude histogram analysis of the traces in A 
and B. Percentage values in parenthesis denote the probability the channel 
stays in the corresponding level for the duration the measurement is carried 
out. Sub-conductance states are native to the NanC   and not induced by the 
experimental conditions i.e. in presence of buffer for example, 
HEPES/Phosphate or without buffer and high salt concentration. The 
occurrence of sub-conductance states is not so often (~ < 5 %). The current 
traces shown are filtered digitally at 500 Hz. Dashed lines represent the zero 
current level.             
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CHAPTER 5. SIALIC ACID TRANSPORT IN ESCHERICHIA COLI: ROLE OF OUTER-
MEMBRANE PROTEIN NANC  
5.1. Introduction 
Sialic acids include more than 40 nine carbon negatively charged sugar moieties found 
primarily at the terminal positions of many eukaryotic surface-exposed glycoconjugates. 
Sialic acid plays diverse roles important for bacteria as it acts as a nutrient assisting bacterial 
colonization and interactions with the host (68). Under certain situations, the bacteria have to 
acquire sialic acid from its host environment and transport it into the cytoplasm where the 
sialic acid gets metabolized. The sialic acid has to be therefore, transported through the outer-
membrane into the periplasm and from the periplasm into the cytoplasm via the inner 
membrane.  
The transport of sialic acid through the inner membrane and its metabolism in E. coli 
is well characterized (69). Sialic acid in bacterial experiments is often used for Neu5Ac (67), 
the most abundant form of sialic acid. However, the mechanism of transport of Neu5Ac 
through the outer-membrane into the periplasm remains unresolved. It is widely believed that 
Neu5Ac is transported via the general porins OmpF/OmpC. However, there is no functional 
evidence to support their role in Neu5Ac transport. Neu5Ac can in fact induce a specific porin 
in the outer-membrane of E.coli for efficient uptake of Neu5Ac when the general porins 
OmpF/OmpC are absent. The Neu5Ac-specificity of NanC could not documented in the 
absence of functional measurements supporting its induction for a specific function (70). 
- 
200 mV 
-
100 mV 
C 
D 
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The structure of NanC reveals characteristic features that support the specific role of 
NanC in Neu5Ac transport across the outer-membrane of E.coli(58).  The pore region of 
NanC is predominately decorated by positively charged residues which are arranged such that 
they form two positively charged tracks facing each other across the pore. This particular 
arrangement of the positively charged residues in the pore region seems to be favorable for the 
passage of Neu5Ac through NanC.  
In the earlier functional measurements of NanC carried out using patch-clamp 
experiments no significant change in the functioning of NanC was observed even in presence 
of upto 50 mM Neu5Ac (70). One of the possible reasons for the failure deduced from NanC’s 
structure were the ionic conditions in which the experiments were performed for example, the 
concentration of salt solution and the pH buffering agent HEPES.  
In this chapter, the goal is to identify the single channel functional behavior of NanC 
in presence of Neu5Ac and conduct in vitro measurement of Neu5Ac transport under the 
identified suitable ionic conditions in Chapter 4, through the reconstituted single channel 
NanC and compare its efficiency in transporting Neu5Ac by conducting similar measurements 
for OmpF.    
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5.2. Methods 
5.2.1. NanC expression and purification  
NanC is purified from the outer-membrane of E.coli as explained in the Methods 
section of Chapter 4. 
5.2.2. Electrophysiology: Planar Lipid Bilayer Experiments 
Planar lipid bilayer method is used to demonstrate and measure the effect of sialic acid 
on the functional properties of purified channel protein NanC. A single channel NanC is 
reconstituted in a preformed lipid bilayer in a set-up shown in Figure 3.1. A stock solution of 
~ 1.1 g/ml of the purified NanC in 150 mM NaCl, 10 mM Tris, pH 8.0 containing 1 %( v/v) 
n-OPOE detergent is prepared. For reconstitution of a single NanC to the ‘healthy’ lipid 
bilayer we add ~0.1-0.2 l of the stock solution to the cis or ground side solution while 
stirring it. The Neu5Ac solution is prepared by dissolving Neu5Ac powder made 
commercially available by Sigma-Aldrich in Millipore water. The Neu5Ac solution is acidic 
(pH~2) when prepared. The pH of the Neu5Ac solution is adjusted to neutral pH with basic 
1N KOH. The added increase in the concentration of potassium ions due to the asymmetric 
addition of Neu5Ac solution on one side of bilayer is calculated.  The rest of the details 
concerning the measurement and analysis of data are similar as described in the Methods 
section of Chapter 4.   
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5.3. Results 
5.3.1. Ionic Conditions for Sialic Acid Specific Activity of NanC in Bilayer 
The specificity of NanC for sialic acid is deduced from its role observed in inducing 
NanC synthesis for transporting sialic acid into the periplasm in absence of the general porins 
OmpF/OmpC. However, the specificity of NanC to sialic acid could not been seen in the 
electrophysiology experiments (70).  
From our previous work on the characterization of a single NanC’s biophysical 
properties in bilayers we were able to identify the factors that might have contributed to 
NanC’s insensitivity to sialic acid i.e. the ionic conditions (pH buffer and salt concentration) 
in which the experiments were conducted. We showed in bilayers that NanC is an anion 
selective channel, exhibits a large single channel conductance, and is voltage-gated. We 
identified that single channel of NanC shows high affinity to HEPES (a commonly used 
buffer in electrophysiology) that causes a decreased ion conductance and modulates its 
function. We were also able to identify from its high resolution structure and its function in 
bilayers that since, the pore region of NanC is relatively narrow full of positively charged 
residues; the concentrated salt solutions (≥ 500 mM) may alter the ‘fixed’ charge distribution 
of the pore region due to screening effects thus affecting the sialic acid specific activity of 
NanC.  
These key observations from the single channel planar lipid bilayer experiments of 
NanC suggested the ionic conditions that would be favorable for studying the sialic acid 
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transport. We decided therefore, to carry out the sialic acid transport experiments in salt 
solutions of concentration ~ 250 mM (preferably KCl) adjusted to neutral pH without the 
buffer HEPES. 
5.3.2. Single Channel Function of NanC in presence of Neu5Ac: Titration Experiment 
We first carried out Neu5Ac a monomeric sialic acid titration experiment for 
determining the amount of Neu5Ac that triggers a significant change in the function of NanC. 
In this experiment we monitored the activity of single channel NanC in bilayer upon 
asymmetric addition (i.e. only in the ground side bath) of Neu5Ac.  The control was 250 mM 
KCl, pH 7.0 with zero Neu5Ac present on both sides of the bilayer. The amount of Neu5Ac in 
3.5 ml ground side bath filled with 250 mM KCl, pH 7.0 solution varied from 0 mM-55.37 
mM.  
In Figure 5.1 we show the single channel current traces recorded in response to the 
applied step voltages +/- 100 mV for the control experiment. In Figure 5.2 and Figure 5.3 we 
show the single channel current traces recorded at step voltages +/-100 mV in presence of 
3.76 mM and 7.47 mM Neu5Ac.  We noticed a obvious change in NanC’s function at 7.47 
mM Neu5Ac when suddenly, the current amplitude increased compared to its control and a 
distinct sub-level appeared.  The increase in unit current was observed at both positive as well 
negative voltages. However, no significant increase in the unit current was observed as the 
amount of added Neu5Ac increased from 7.47 mM to 55.37 mM (Figure 5.4, Figure 5.5, and 
Figure 5.6). In addition to the increased unit current the gating of NanC changed also due to 
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the addition of Neu5Ac. Distinct sub-levels in unitary current were noticed first at 7.47 mM 
Neu5Ac (panel A). These sub-levels kept appearing as the amount of added Neu5Ac varied 
from 7.47 mM to 55.37 mM. The appearance of sub-levels in unitary current was more 
prominent at negative voltages.  
In Figure 5.7 we plot the unit current carried by NanC at +/- 100 mV in presence of 
Neu5Ac normalized by the control current. The normalized current is plotted vs. the Neu5Ac 
concentration in the ground side bath. We observe an increasing current ([Neu5Ac] = 7.47 
mM – 9.89 mM) eventually saturating with further increase in Neu5Ac concentration. It is 
interesting to observe that the increase in the unitary current is greater at positive voltage than 
negative voltage. 
We further show in Figure 5.8, the unitary current (I) - voltage (V) traces recorded in 
response to the ramp voltage protocol while adding Neu5Ac to the ground side bath. We show 
the I-V traces for the control and in presence of Neu5Ac (7.47 mM and 55.37 mM). It is 
obvious from these traces that the unitary current increases significantly from the control 
when 7.47 mM Neu5Ac is present. The slope conductance measurement is carried out over 60 
mV range. The single channel slope conductance at 7.47 mM increases by 51% and by 74 %   
at 55.37 mM Neu5Ac compared to the control. The increase in slope conductance from 7.47 
mM to 55.37 mM Neu5Ac is ~ 15 % indicating a sluggish increase in the ionic conductance 
compared to the drastic increase noticed at 7.47 mM Neu5Ac suggesting an eventual 
saturation to Neu5Ac sensitivity.  I-V traces appear to become linear as the amount of added 
Neu5Ac is increased from 0 mM to 55.37 mM (Figure 5.9, 3D plot). 
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In Figure 5.8, we also notice a shift in the reversal potential Vrev from its zero value in 
control due to the asymmetric addition of Neu5Ac. The Vrev shifts from zero towards the 
positive direction because of a change in the concentration of potassium ions contributed by 
the Neu5Ac potassium salt i.e. K-Neu5Ac. The amount of Cl
-
 remains equal on both sides. 
The positive shift of the Vrev   and the negative direction of the unit current at 0 mV are 
consistent with the direction of the gradient for potassium ions (more K
+
 on the ground side 
compared to the voltage side bath).  However, since Neu5Ac is negatively charged and is 
present only on the ground side there is a gradient created for Neu5Ac as well and therefore, it 
also contributes to the current at 0 mV. 
The titration experiment revealed the sensitivity of NanC to Neu5Ac and the amount 
of Neu5Ac at which NanC’s function changes considerably.  Neu5Ac appears to contribute to 
the ionic current resulting in an increased net unit current. The presence of Neu5Ac modulates 
the NanC’s gating by inducing sub-current levels and increasing the frequency at which it 
opens or closes. The appearance of sub-levels seems to be because of a distinct steady current 
that overlaps with the control current (seen clearly when [Neu5Ac] ≥ 7.47 mM) at negative 
voltage and occasionally at positive voltage thus, resulting in an increased net ionic current.  
The action of Neu5Ac on NanC’s function seems to be voltage-dependent. The shift in 
reversal potential due to Neu5Ac is significant suggesting its specific interaction with NanC.  
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5.3.3. Single Channel Function of NanC in presence of Neu5Ac: Symmetric Addition 
Experiment 
The titration experiment was important for testing the sensitivity of NanC to Neu5Ac. 
It indicated the amount of Neu5Ac that induces a noticeable change in the function of NanC. 
However, since the permeation scenario of NanC is complicated due to the anions/cations and 
Neu5Ac that are conducted it becomes difficult to interpret the biophysical basis of 
permeation or transport of Neu5Ac through NanC. Therefore, the next series of experiments 
were carried out under symmetric conditions i.e. in presence of equal amounts of salt solution 
and Neu5Ac on both (ground and voltage) sides of the bilayer. 
We monitored the single channel activity of NanC in presence of 20 mM Neu5Ac in 
250 mM KCl, pH 7.0 on both sides of the bilayer and compared to the control 0 mM Neu5Ac 
in 250 mM KCl, pH 7.0.  Figure 5.10-Figure 5.15, shows the unitary current measured at step 
voltages +/- 100 mV, +/- 150 mV, and +/- 200 mV in presence and absence of Neu5Ac. The 
channel under control conditions remains mostly open at +/- 100 mV but in presence of 
Neu5Ac the gating changes with rapid closures. A distinct steady current appears seen as a 
sub-level. A considerable increase in the unitary current amplitude is noticed. At higher 
voltages (+/-150 mV and +/-200 mV) the channel closes under control conditions whereas in 
presence of Neu5Ac the unitary current goes into multi-levels. The separate distinct sub-level 
in the measured unitary current appears to gate independently. These observations suggest that 
Neu5Ac seems to carry current contributing to the ionic current and changes the gating 
properties of NanC.  
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Figure 5.16 shows the measured I-V traces under control conditions vs. in the presence 
of Neu5Ac. The slope conductance is determined over 60 mV range and it turns out to be 
significantly larger in presence of Neu5Ac. The measured I-V trace appears to become linear 
in presence of Neu5Ac.  
From these single channel experiments of NanC in presence of Neu5Ac we are 
therefore, able to demonstrate that the ionic conductance of NanC increases significantly due 
to the addition of Neu5Ac suggesting that Neu5Ac is actually conducted through NanC. 
5.3.4. Single Channel Function of NanC in presence of Neu5Ac and HEPES 
The presence of HEPES has been shown to interfere with the ionic conductance of 
NanC in bilayers by dramatically reducing its unit conductance. On the other hand, Neu5Ac 
tends to increase the unit conductance of NanC. In order to investigate the combined 
consequences of HEPES and Neu5Ac on the single channel function of NanC we carried out 
the experiments in presence of equal amounts of Neu5Ac (20 mM) and HEPES (5 mM) in 
250 mM KCl, pH 7.4 on both sides of the bilayer. We monitored the single channel function 
of NanC and found out that Neu5Ac further decreased the unit current and modified the 
gating.  
Figure 5.17 shows the I-V traces measured under control conditions (250 mM KCl, 0 
mM HEPES, 0 mM Neu5Ac, pH 7.0 in black) vs. in presence of HEPES (250 mM KCl, 5 mM 
HEPES, 0 mM Neu5Ac, pH 7.4 in green), Neu5Ac (250 mM KCl, 0 mM HEPES, 20 mM 
Neu5Ac, pH 7.0 in red) and HEPES + Neu5Ac (250 mM KCl, 5 mM HEPES, 20 mM 
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HEPES, pH 7.4 in blue). The slope conductance is determined over 60 mV range. The slope 
conductance of NanC decreases by 38% in presence of HEPES (250 mM KCl, 5 mM HEPES, 
0 mM Neu5Ac, pH 7.4) and increases by 98% in presence of Neu5Ac (250 mM KCl, 0 mM 
HEPES, 20 mM Neu5Ac, pH 7.0) in comparison to the control. Interestingly, in presence of 
HEPES and Neu5Ac (250 mM KCl, 5 mM HEPES, 20 mM HEPES, pH 7.4) the unit 
conductance drops by 42% from its control value. However, there is only ~ 6% decrease from 
its value in presence of just HEPES.  
We compare the unit currents measured at step voltages (+/-100 mV) for the control 
Figure 5.18, HEPES Figure 5.19, Neu5Ac Figure 5.20 and HEPES + Neu5Ac Figure 5.21 
experiments. Under control conditions and at these voltages Figure 5.18 the channel remains 
mostly open with a bare minimum activity.  In presence of just HEPES Figure 5.19 the 
channel seems to gate slightly more with decreased amplitude. When Neu5Ac is present with 
zero HEPES Figure 5.20 the unit current is increased along with the gating. Distinct sub-
levels in the unit current are noticed. However, when Neu5Ac and HEPES are present 
together the measured amplitude of the unit current decreases Figure 5.21 compared to the 
unit current measured in control, just HEPES, and Neu5Ac. Distinct sub-levels are induced as 
well but they stay open for longer in comparison to Figure 5.20 and gate independently 
noticed as “flickers” (mostly at positive voltages) or sub-levels (at negative voltages). This 
additional level in the measured unit current appears to be the current carried by Neu5Ac on 
top of the current carried by the ions. This observation comes from the previous results of 
bilayer experiments and the structure (58) of NanC that demonstrate the high affinity of 
HEPES in its pore region. HEPES seems to reduce the ion/Neu5Ac accessible region of 
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NanC’s pore thereby reducing the net current. Therefore, it is most likely that the separate 
level that we see at negative voltage in Figure 5.20 and Figure 5.21 is contributed by Neu5Ac. 
5.4. Discussion and Conclusions 
Sialic acid (family of nine carbon sugar acids) is known to be used by bacteria for a 
variety of purposes that play important roles necessary for their survival, colonize, and cause 
diseases. The sialic acid transport from the periplasm of the bacterium into the cytoplasm 
where its metabolism takes place is characterized in great detail (69).  However, little was 
known about the acquisition and transport of sialic acid across the outer-membrane. The 
general belief was that the bacterium transports sialic acid from the external environment into 
the periplasm via the general non-specific porins OmpF/OmpC present in the outer-
membrane.  
Condemine et.al., (70) demonstrated from their bacterial growth experiments that 
when Neu5Ac (monomeric form of sialic acid) was the sole carbon source and the general 
porins OmpF/OmpC were absent a specific porin NanC was induced to promote the uptake of 
Neu5Ac required by the bacteria for growth.  However, their functional studies gave negative 
results. Therefore, the specificity of NanC over the general porins for Neu5Ac transport could 
not be established.   
It became even more puzzling when the high resolution structure of NanC revealed 
structural features suggesting its specific role in Neu5Ac transport(58). We were therefore, 
able to successfully identify the factors that may have altered the pore architecture responsible 
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for facilitating the Neu5Ac transport. Under the identified suitable conditions we have 
demonstrated the role of NanC in conducting Neu5Ac efficiently compared to the general 
porin OmpF (Figure 5.22, Figure 5.23, and Figure 5.24). Sialic acid binds and closes the three 
pores of the OmpF fully or partially at times in bilayers inhibiting the movement of sialic acid 
through the single  trimeric channel. 
We have thus, presented the biophysical evidence of specificity of NanC to Neu5Ac. 
Further characterization of the underlying mechanism of sialic acid transport will require a 
diverse range of experiments where the different forms of sialic acid like dimeric, trimeric and 
mixture of homopolymer of sialic acid i.e. colominic acid will be tested on NanC under 
different ionic conditions. We believe that these experiments will be of enormous importance 
in understanding the biophysical, physiological and pathological role of sialic acid transport 
across the outer-membrane of E.coli. 
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Figure 5.1: Control experiment: Unitary current traces recorded without sialic 
acid under conditions, ground (cis)/voltage (trans) 250 mM KCl, 0 mM 
Neu5Ac, pH 7.0 at + 100 mV and -100 mV respectively. The current traces in 
this figure and the subsequent figures (Figure 4b-4f) shown at step voltages 
(+/- 100 mV) are sampled at 5KHz and are filtered (analog) at 2KHz with low 
pass 8-pole Bessel filter. For analysis these current traces are filtered digitally 
at 300 Hz using low pass 8-pole Bessel filter and are corrected for leakage. The 
current amplitudes are determined from amplitude histogram analysis of these 
filtered traces. The unitary current amplitudes are I+100 mV = 6.14 pA and I -100 
mV = -14.56 pA. Dashed lines represent the zero current level. 
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Figure 5.2: Sialic acid titration experiment: Unitary current traces recorded 
when sialic acid (monomeric Neu5Ac)  is added ‘only’ to the ground side (cis) 
- 250 mM KCl, 3.76 mM Neu5Ac, pH 7.0 and voltage side (trans)- 250 mM 
KCl, 0 mM Neu5Ac, pH 7.0   at + 100 mV and -100 mV respectively. The 
unitary current amplitudes are I+100 mV = 6.09 pA and I -100 mV = -15.14 pA. 
Dashed lines represent the zero current level. 
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Figure 5.3: Sialic acid titration experiment: Unitary current traces recorded 
when sialic acid (monomeric Neu5Ac)  is added ‘only’ to the ground side (cis) 
- 250 mM KCl, 7.47 mM Neu5Ac, pH 7.0 and voltage side  (trans)- 250 mM 
KCl, 0 mM Neu5Ac, pH 7.0   at + 100 mV and -100 mV respectively. The 
unitary current amplitudes are I+100 mV = 12.25 pA, I -100 mV (level-1) = -8.23 
pA, and I -100 mV (level-2) = -18.04 pA .Dashed lines represent the zero current 
level.  
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Figure 5.4: Sialic acid titration experiment: Unitary current traces recorded 
when sialic acid (monomeric Neu5Ac)  is added ‘only’ to the ground side (cis) 
- 250 mM KCl, 9.89 mM Neu5Ac, pH 7.0 and voltage side  (trans)- 250 mM 
KCl, 0 mM Neu5Ac, pH 7.0   at + 100 mV and -100 mV respectively. The 
unitary current amplitudes are I+100 mV = 15.74 pA, I -100 mV (level-1) = -9.63 
pA, and I -100 mV (level-2) = -18.18 pA. Dashed lines represent the zero current 
level. 
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Figure 5.5: Sialic acid titration experiment: Unitary current traces recorded 
when sialic acid (monomeric Neu5Ac)  is added ‘only’ to the ground side (cis) 
- 250 mM KCl, 23.94  mM Neu5Ac, pH 7.0 and voltage  side (trans)- 250 mM 
KCl, 0 mM Neu5Ac, pH 7.0   at + 100 mV and -100 mV respectively. The 
unitary current amplitudes are I+100 mV (level-1) = 11.11 pA, I+100 mV (level-2) = 
14.72 pA, I -100 mV (level-1) = -8.82 pA, and I -100 mV (level-2) = -19.08 pA. 
Dashed lines represent the zero current level. 
142 
 
 
 
 
Figure 5.6: Sialic acid titration experiment: Unitary current traces recorded 
when sialic acid (monomeric Neu5Ac)  is added ‘only’ to the ground side (cis) 
- 250 mM KCl, 55.37  mM Neu5Ac, pH 7.0 and voltage  side (trans)- 250 mM 
KCl, 0 mM Neu5Ac, pH 7.0   at + 100 mV and -100 mV respectively. The 
unitary current amplitudes are I+100 mV (level-1) = 7.58 pA, I+100 mV (level-2) = 
12.72 pA, and I -100 mV = -20.13 pA. Dashed lines represent the zero current 
level. 
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Figure 5.7: Normalized unit current plotted as varying concentration of sialic 
acid (0 mM -55.37 mM) in the ground side bath. The unit current recorded at 
+/-100 mV is normalized by the corresponding unit current under control (zero 
sialic acid) conditions. The normalized unit current increases as the amount of 
added sialic acid increases and seems to saturate.  At + 100 mV (black), the 
increase in the unit current appears to be larger than at - 100 mV (red). Dashed 
lines in black and red are drawn to join points and carry no physical meaning. 
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Figure 5.8: Single channel current (I)-voltage (V) traces plotted for the control 
experiment Io (black)  in 250 mM KCl, pH 7.0 (ground side) and 250 mM KCl, 
0 mM Neu5Ac, pH 7.0 (voltage side). vs. the added sialic acid experiment in 
presence of 7.47 mM I 7.47 mM (red) and 55.37 mM I 55.37 mM (green) in 250 mM 
KCl, x mM Neu5Ac, pH 7.0 (ground side) and 250 mM KCl, 0 mM Neu5Ac, 
pH 7.0 (voltage side). The slope conductances measured over 60 mV range 
under control conditions g0 = 96.23 pS, in presence of 7.47 mM g 7.47 mM = 
144.89 pS, and g 55.37  mM = 166.54  pS. Significant increase in slope 
conductance occurs as the amount of sialic acid increases. In presence of sialic 
acid, the unit current at 0 mV is no longer zero and the Vrev shifts towards right 
from zero. 
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Figure 5.9: Three dimensional plot of unit current (I)-voltage (V) traces plotted 
vs. concentration of sialic acid for the control experiment Io (black) and the 
added sialic acid experiment in presence of 7.47 mM I 7.47 mM (red) and 55.37 
mM I 55.37 mM (green) in 250 mM KCl, pH 7.0 (ground side) and 250 mM KCl, 
0 mM Neu5Ac, pH 7.0 (voltage side). The I-V traces appear to become linear 
with increasing sialic acid. 
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Figure 5.10: Control experiment (top): Unitary current traces recorded without 
sialic acid under conditions, ground (cis)/voltage (trans) 250 mM KCl, 0 mM 
Neu5Ac, pH 7.0 at + 100 mV. Sialic acid addition experiment (bottom): 
Unitary current traces recorded with equal amount of  sialic acid on both sides, 
ground (cis)/voltage (trans) 250 mM KCl, 20 mM Neu5Ac, pH 7.0 at + 100 
mV . Unitary current increases in presence of sialic acid (bottom) compared to 
the control(top). The sub-conductances become distinct with an increase in 
activity of the channel. The current traces in this figure for the control and the 
sialic acid experiment in the subsequent figures (Figure 8b-8f) shown at step 
voltages (+/- 100-200 mV) are sampled at 5KHz and are filtered (analog) at 
2KHz with low pass 8-pole Bessel filter. For analysis these current traces are 
filtered digitally at 250 Hz (control) and 300 Hz (sialic acid) using low pass 8-
pole Bessel filter and are corrected for leakage. Dashed lines represent the zero 
current level. 
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Figure 5.11: Control experiment (top): Unitary current traces recorded without 
sialic acid under conditions, ground (cis)/voltage (trans) 250 mM KCl, 0 mM 
Neu5Ac, pH 7.0 at - 100 mV. Sialic acid addition experiment (bottom): 
Unitary current traces recorded with equal amount of sialic acid on both sides, 
ground (cis)/voltage (trans) 250 mM KCl, 20 mM Neu5Ac, pH 7.0 at - 100 mV 
. Unitary current increases in presence of sialic acid (bottom) compared to the 
control(top). The sub-conductances become distinct with an increase in activity 
of the channel. 
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Figure 5.12: Control experiment (top): Unitary current traces recorded without 
sialic acid under conditions, ground (cis)/voltage (trans) 250 mM KCl, 0 mM 
Neu5Ac, pH 7.0 at + 150 mV. Sialic acid addition experiment (bottom): 
Unitary current traces recorded with equal amount of sialic acid on both sides, 
ground (cis)/voltage (trans) 250 mM KCl, 20 mM Neu5Ac, pH 7.0 at + 150 
mV. Unitary current increases in presence of sialic acid (bottom) compared to 
the control (top). The sub-conductances become distinct with an increase in 
activity of the channel. 
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Figure 5.13: Control experiment (top): Unitary current traces recorded without 
sialic acid under conditions, ground (cis)/voltage (trans) 250 mM KCl, 0 mM 
Neu5Ac, pH 7.0 at -150 mV. Sialic acid addition experiment (bottom): Unitary 
current traces recorded with equal amount of sialic acid on both sides, ground 
(cis)/voltage (trans) 250 mM KCl, 20 mM Neu5Ac, pH 7.0 at -150 mV. 
Unitary current increases in presence of sialic acid (bottom) compared to the 
control (top). The sub-conductances become distinct with an increase in 
activity of the channel. 
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Figure 5.14: Control experiment (top): Unitary current traces recorded without 
sialic acid under conditions, ground (cis)/voltage (trans) 250 mM KCl, 0 mM 
Neu5Ac, pH 7.0 at + 200 mV. Sialic acid addition experiment (bottom): 
Unitary current traces recorded with equal amount of sialic acid on both sides, 
ground (cis)/voltage (trans) 250 mM KCl, 20 mM Neu5Ac, pH 7.0 at + 200 
mV. Unitary current increases in presence of sialic acid (bottom) compared to 
the control (top). The sub-conductances become distinct with an increase in 
activity of the channel. Channel closes and opens again at this large applied 
voltage. 
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Figure 5.15: Control experiment (top): Unitary current traces recorded without 
sialic acid under conditions, ground (cis)/voltage (trans) 250 mM KCl, 0 mM 
Neu5Ac, pH 7.0 at - 200 mV. Sialic acid addition experiment (bottom): 
Unitary current traces recorded with equal amount of sialic acid on both sides, 
ground (cis)/voltage (trans) 250 mM KCl, 20 mM Neu5Ac, pH 7.0 at - 200 
mV. Unitary current increases in presence of sialic acid (bottom) compared to 
the control (top). Channel goes into multiple sub-conductance levels. The sub-
conductances become distinct with an increase in activity of the channel.  
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Figure 5.16: Single channel current-voltage traces recorded under control 
(without sialic acid, black) condition vs. in presence of sialic acid (red) on both 
sides of the bilayer. The current traces shown are sampled at 5KHz and filtered 
(analog) at 2KHz with low pass 8-pole Bessel filter. For analysis these current 
traces are filtered at 250 Hz (control) / 300 Hz (with sialic acid) and are 
corrected for leakage and offset. The unit slope conductances measured over 60 
mV range under control conditions g0 = 114.09 ±4.16 pS (n = 12) and in 
presence of sialic acid g = 226.15 ±9.95 pS (n = 29), n is the number of 
measurements. The single channel conductance increases considerably due to 
sialic acid. 
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Figure 5.17: Single channel I-V traces shown for control experiment (cis/trans: 
250 mM KCl, 0 mM HEPES, 0 mM Neu5Ac, pH 7.0 in black) vs. HEPES 
experiment (cis/trans: 250 mM KCl, 5 mM HEPES, 0 mM Neu5Ac, pH 7.4 in 
green) , sialic acid experiment (cis/trans: 250 mM KCl, 0 mM HEPES, 20 mM 
Neu5Ac, pH 7.0 in red) , and HEPES+ Neu5Ac (cis/trans: 250 mM KCl, 5 mM 
HEPES, 20 mM Neu5Ac, pH 7.4 in blue). The unit slope conductance 
measured over 60 mV range under control conditions is g0 = 114.09 ±4.16 pS 
(n = 12), in presence of HEPES without Neu5Ac, gHEPES = 70.70 ±5.17 pS (n = 
15), in presence of Neu5Ac without HEPES gNeu5Ac = 226.15 ±9.95 pS (n = 
29), and in presence of HEPES and Neu5Ac gHEPES+Neu5Ac = 66.21±0.74 pS (n = 
26). Significant decrease in unit ionic conductance in comparison to the control 
takes place in presence of 5 mM HEPES (0 mM Neu5Ac) whereas the unit 
ionic conductance increases considerably from its control value in presence of 
20 mM Neu5Ac (0 Mm HEPES). However, the presence of 5 mM HEPES and 
20 mM Neu5Ac considerably decreases the unit ionic conductance from its 
control value but not a significant change occurs in comparison to the HEPES 
experiment. Effect of Neu5Ac on the unit ionic conductance of NanC is not so 
dramatic when HEPES is around. 
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Figure 5.18: Control experiment: Unitary current traces recorded at +/- 100 mV 
(top and bottom respectively) under symmetric conditions, cis/trans: 250 mM 
KCl, 0 mM HEPES, 0 mM Neu5Ac, pH 7.0. Channel remains mostly open at 
these voltages. Dashed lines represent the zero current levels. 
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Figure 5.19: HEPES experiment: Unitary current traces recorded at +/- 100 mV 
(top and bottom respectively) under symmetric conditions, cis/trans: 250 mM 
KCl, 5 mM HEPES, 0 mM Neu5Ac, pH 7.4. Channel closes occasionally at – 
100 mV and shows gating. Dashed lines represent the zero current levels. 
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Figure 5.20: Sialic acid experiment: Unitary current traces recorded at +/- 100 
mV (top and bottom respectively) under symmetric conditions, cis/trans: 250 
mM KCl, 0 mM HEPES, 20 mM Neu5Ac, pH 7.0. Channel shows an increased 
activity and goes into sub-conductances. Dashed lines represent the zero 
current levels. 
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Figure 5.21: HEPES and Sialic acid experiment: Unitary current traces 
recorded at +/- 100 mV (top and bottom respectively) under symmetric 
conditions, cis/trans: 250 mM KCl, 5 mM HEPES, 20 mM Neu5Ac, pH 7.0. 
Channel shows ‘flickering’ at + 100 mV and at  -100 mV, goes into sub-
conductances that seem to gate independently. Dashed lines represent the zero 
current levels. 
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Figure 5.22: Trimeric current traces measured for OmpF (wild type) under 
symmetric cis/trans : 250 Mm KCl, 0 mM Neu5Ac, pH 7.0 at step voltages  + 
100 mV (top) and -100 mV (bottom) respectively. A single trimer opens and 
closes in 3 levels as shown. Dashed lines represent the zero current levels. 
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Figure 5.23: Trimeric current traces measured for OmpF (wild type) under 
symmetric cis/trans: 250 Mm KCl, 8 mM Neu5Ac, pH 7.0 conditions at step 
voltages + 100 mV (top) and -100 mV (bottom) respectively. A single trimer 
opens and closes in 3 levels as shown. At + 100 mV, the trimer further 
opens/closes from the 2
nd
 level to the 1
st
 level to fully close and later on opens 
at only one level that gates with a reduced amplitude compared to the 1
st
 level 
in the beginning that eventually closes with some residual current. Dashed 
lines represent the zero current levels.  
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Figure 5.24: Trimeric current traces measured for OmpF (wild type) under 
symmetric cis/trans: 250 mM KCl, 59.5 mM Neu5Ac, pH 7.0 conditions at 
step voltages + 100 mV (top) and -100 mV (bottom) respectively. The 
characteristic trimeric behavior vanishes at larger Neu5Ac concentrations.  The 
three independently functioning pores of a unit OmpF appears to be blocked 
partially/fully at times and therefore, appear with a reduced amplitude showing 
a unique gating very different from its control. Dashed lines represent the zero 
current levels. 
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